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PKEFACE BY PROFESSOR GIBBS 

Since the printiiig of a short pamphlet on the Elements of 
Vector Amdyni in the years 1881-84, — never published, but 
somewhat widely circulated among those who were known to 
be interested in the subject, — the desire has been expressed 
in more than one quarter, that the substance of that trea- 
tise, perhaps in fuller form, should be made accessible to 
the public 

As, however, the years passed without my finding the 
leisure to meet this want, which seemed a real one, I was 
very glad to have one of the hearers of my course on Vector 
Analysis in the year 1899-1900 undertake the preparation of 
a text-book on the subject. 

I have not desired that Dr. Wilson should aim simply 
at the reproduction of my lectures, but rather that he should 
use his own judgment in all respects for the production of a 
text-book in which the subject should be so illustrated by an 
adequate number of examples as to meet the wants of stu- 
dents of geometry and physics. 

J. WILLARD GIBBS. 

Yaub UinvKRsmr, September, 1901. 
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GENERAL PREFACE 

When I undertook to adapt the lectures of Professor Gibbs 
on Vbotob Akalysis for publication in the Yale Bicenten- 
nial Series, Professor Gibbs himself was already so fully 
engaged upon his work to appear in the same series, Elemeniary 
Principles in Statistical Mechanics^ that it was understood no 
material assistance in the composition of this book could be 
expected from him. For this reason he wished me to feel 
entirely free to use my own discretion alike in the selection 
of the topics to be treated and in the mode of treatment. 
It has been my endeavor to use the freedom thus granted 
only in so far as was necessary for presenting his method in 
text-book form. 

By far the gi'eater part of the material used in the follow- 
ing pages has been taken from the course of lectures on 
Vector Analysis delivered annually at the University by 
P^fessor Gibbs. Some use, however, has been made of the 
chapters on Vector Analysis in Mr. Oliver Heaviside's Elec" 
tromagnetic Theory (Electrician Series, 1893) and in Professor 
Ft^ppl's lectures on Die MaxwelFscJie Theorie der JElectricitdt 
(Teubner, 1894). My previous study of Quaternions has 
also been of great assistance. 

The material thus obtained has been arranged in the way 
which seems best suited to easy mastery of the subject. 
Those Arts, which it seemed best to incorporate in the 
text but which for various reasons may well be omitted at 
the first reading have been marked with an asterisk (*). Nu- 
merous illustrative examples have been drawn from geometry, 
mechanics, and physics. Indeed, a large part of the text has 
to do with applications of the method. These applications 
have not been set apart in chapters by themselves, but have 



; 



X GENERAL PREFACE 

been distributed throughout the body of the book as fast as 
the analysis has been developed sufficiently for their adequate 
treatment. It is hoped that by this means the reader may be 
better enabled to make practical use of the book. Great care 
has been taken in avoiding the introduction of unnecessary 
ideas, and in so illustrating each idea that is introduced as 
to make its necessity evident and its meaning easy to grasp. 
Thus the book is not intended as a complete exposition of 
the theory of Vector Analysis, but as a text-book from which 
so much of the subject as may be required for practical appli- 
cations may be learned. Hence a summary, including a list 
of the more important formulae, and a number of exercises, 
have been placed at the end of each chapter, and many less 
essential points in the text have been indicated rather than 
fully worked out, in the hope that the reader will supply the 
details. The summary may be found useful in reviews and 
for reference. 

The subject of Vector Analysis naturally divides itself into 
three distinct parts. First, that which concerns addition and 
the scalar and vector products of vectors. Second, that which 
concerns the differential and integral calculus in its relations 
to scalar and vector functions. Third, that which contains 
the theory of the linear vector function. The first part is 
a necessary introduction to both other parts. The second 
and third are mutually independent Either may be taken 
up first. For practical purposes in mathematical physics the 
second must be regarded as more elementary than the third. 
But a student not primarily interested in physics would nat- 
urally pass from the first part to the third, which he would 
probably find more attractive and easy than the second. 

Following this division of the subject, the main body of 
the book is divided into six chapters of which two deal with 
each of the three parts in the order named. Chapters I. and 
II. treat of addition, subtraction, scalar multiplication, and 
the scalar and vector products of vectors. The exposition 
has been made quite elementary. It can readily be under- 
stood by and is especially suited for such readers as have a 
knowledge of only the elements of Trigonometry and Ana- 
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lytic Geometiy. Those who are well yeised in Qoatemions 
or allied subjects may perhaps need to read only the sum- 
maries. Chapters m. and IV. contain the treatment of 
those topics in Vector Analysis which, though of less yalue 
to the students of pure mathematics, are of the utmost impor- 
tance to students of physica Chapters V. and VI. deal with 
the linear vector function. To students of physics the linear 
vector function is of particular importance in the mathemati- 
cal treatment of phenomena connected with non-isotropic 
media ; and to the student of pure mathematics this part of 
the book will probably be the most interesting of all, owing 
to the fact that it l^ds to Multiple Algebra or the Theory 
of Matrices. A concluding chapter, VII., which contains the 
development of certain higher parts of the theory, a number 
of applications, and a short sketch of imaginary or complex 
vectors, has been added. 

In the treatment of the integral calculus. Chapter IV., 
questions of mathematical rigor arise. Although modem 
theorists are devoting much time and thought to rigor, and 
although they will doubtless criticise this portion of the book 
adversely, it has been deemed best to give but little attention 
to the discussion of this subject. And the more so for the 
reason that whatever system of notation be employed ques- 
tions of rigor are indissolubly associated with the calculus 
and occasion no new difficulty to the student of Vector 
Analysis, who must first learn what the facts are and may 
postpone until later the detailed consideration of the restric- 
tions that are put upon those facts. 

Notwithstanding the efforts which have been made during 
more than half a century to introduce Quaternions into 
physics the fact remains that they have not found wide favor. 
On the other hand there has been a growing tendency espe- 
cially in the last decade toward the adoption of some form of 
Vector Analysis. The works of Heaviside and F(jppl re- 
ferred to before may be cited in evidence. As yet however 
no SjTstem of Vector Analysis which makes any claim to 
completeness has been published. In fact Heaviside says: 
^ I am in hopes that the chapter which I now finish may 
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xii GENERAL PREFACE 

serve as a stopgap till regular vectorial treatises come to be 
written suitable for physicists, based upon the vectorial treat- 
ment of vectors " (Electromagnetic Theory, VoL I., p. 805). 
Elsewhere in the same chapter Heaviside has set forth the 
claims of vector analysis as against Quaternions, and others 
have expressed similar views. 

The keynote, then, to any system of vector analjrsis must 
be its practical utility. This, I feel confident, was Professor 
Gibbs's point of view in building up his system. He uses it 
entirely in his courses on Electricity and Magnetism and on 
Electromagnetic Theory of Light. In writing this book I 
have tried to present the subject from this practical stand- 
point, and keep clearly before the reader's mind the ques- 
tions: What combinations or functions of vectors occur in 
physics and geometry? And how may these be represented 
symbolically in the way best suited to facile analytic manip- 
ulation ? The treatment of these questions in modem books 
on physics has been too much confined to the addition and 
subtraction of vectors. This is scarcely enough. It has 
been the aim here to give also an exposition of scalar and 
vector products, of the operator v» of divergence and curl 
which have gained such universal recognition since the ap- 
pearance of Maxwell's Treatise on Electricity and Magnetism^ 
of slope, potential, linear vector function, etc., such as shall 
be adequate for the needs of students of physics at the 
present day and adapted to them. 

It has been asserted by some that Quaternions, Vector 
Analysis, and all such algebras are of little value for investi- 
gating questions in mathematical physics. Whether this 
assertion shall prove true or not, one may still maintain that 
vectors are to mathematical physics what invariants are to 
geometry. As every geometer must be thoroughly conver- 
sant with the ideas of invariants, so every student of physics 
should be able to think in terms of vectors. And there is 
no way in which he, especially at the beginning of his sci- 
entific studies, can come to so true an appreciation of the 
importance of vectors and of the ideas connected with them 
as by working in Vector Analysis and dealing directly with 
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the vectoTB themselves. To those that hold these views the 
success of Professor FOppFs Varle9ungen uber Technisehe 
Meehanik (four volumes, Teubner, 1897-1900, already in a 
second edition), in which the theory of mechanics is devel- 
oped by means of a vector analysis, can be but an encour- 
aging sign. 

I take pleasure in thanking my colleagues. Dr. M. B. Porter 
and Prof. H. A. Bumstead, for assisting me with the manu- 
script. The good services of the latter have been particularly 
valuable in arranging Chapters III. and lY. in their present 
form and in suggesting many of the illustratiom$ used in the 
work. I am also under obligations to my father, Mr. Edwin 
H. Wilson, for help in connection both with the proofs and 
the manuscript Finally, I wish to express my deep indebt- 
edness to Professor Gibbs. For although he has been so 
preoccupied as to be unable to read either manuscript or 
proof, he has always been ready to talk matters over with 
me, and it is he who has furnished me with inspiration suf- 
ficient to carry through the work. 

EDWm BIDWELL WILSON. 
Talk UnvKSsrrT, October, 1901. 



PREFACE TO THE SECOND EDITION 

Thb only changes which have been made in this edition are 
a few corrections which my readers have been kind enough to 
point out to me. 

E. B. W. 
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VECTOR ANALYSIS 



CHAPTER I 

ADDinOK AND SGAIaAB MUIiTIFLICATIOK 

1.] In mathematics and especially in physics two very 
different kinds of quantity present themselves. Consider, for 
example, mass, time, density, temperature, force, displacement 
of a point, velocity, and acceleration. Of these quantities 
some can be represented adequately by a single number — 
temperature, by degrees on a thermometric scale ; time, by 
years, days, or seconds ; mass and density, by numerical val- 
ues which are wholly determined when the unit of the scale 
is fixed. On the other hand the remaining quantities are not 
capable of such representation. Force to be sure is said to be 
of so many pounds or grams weight; velocity, of so many 
feet or centimeters per second. But in addition to this each 
of them must be considered as having direction as well as 
magnitude. A force points North, South, East, West, up, 
down, or in some intermediate direction. The same is true 
of displacement, velocity, and acceleration. No scale of num- 
bers can represent them adequately. It can represent only 
their magnitude, not their direction. 

2.] Definition : A vector ia a quantity which is considered 
as possessing direction as well as magnitude. 

Definition : A scalar ia a quantity which is considered as pos- 
sessing magnitude but no ^direction. 




2 VECTOR ANALYSIS 

The positive and negative numbers of ordinary algebra are fh$ 
typical scalars. For this reason the ordinary algebra is called 
scalar algebra when necessary to distinguish it from the vector 
algebra or analysis which is the subject of this book. 

The typical vector is the displacement of translation in spa^. 
Consider first a point P (Fig. 1). Let P be displaced in a 
straight line and take a new position P\ 
This change of position is represented by the 
line PP\ The magnitude of the displace- 
ment is the length of PP'; the direction of 
it is the direction of the line PP from Pto 
P'. Next consider a displacement not of one, 
but of all the points in space. Let all the 
points move in straight lines in the same direction and for the 
same distance J9. This is equivalent to shifting space as a 
rigid body in that direction through the distance D without 
rotation. Such a displacement is called a translation. It 
possesses direction and magnitude. When space undergoes 
a translation T, each point of space undergoes a displacement 
equal to T in magnitude and direction; and conversely if 
the displacement PP' which any one particular point P suf- 
fers in the translation T is known, then that of any other 
point Q is also known: for QQ^ must be equal and parallel 
to PP'. 

The translation T is represented geometrically or graphically 
by an arrow T (Fig. 1) of which the magnitude and direction 
are equal to those of the translation. The absolute position 
of this arrow in space is entirely immaterial. Technically the 
arrow is called a stroke. Its tail or initial point is its origin; 
and its head or final point, its terminus. In the figure the 
origin is designated by and the terminus by T. This geo- 
metric quantity, a stroke, is used as the mathematical symbol 
for all vectors, just as the ordinary positive and negative num- 
bers are used as the symbols for all scalars. 
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^3.] As eTamples of scalar quantities mass, time, den- 
sity, and temperatoie hare been mentioned. Others are dis- 
tance, Tolome, moment of inertia, work, etc Magnitude, 
howerer, is by no means the sole piopertr of these quantities. 
Each implies something besides magnitude. Each has its 
own disdnguishing characteristics, as an example of which 
its dinunsioAs in the sense well known to physicists may 
be cited. A distance 3, a time 3, a work 3, etc are veiy 
different. The magnitude 3 is, howerer, a property common 
to them all — perhaps the only one. Of all scalar quanti- 
tities pure number is the simplest. It implies nothing but 
magnitude. It is the scalar /Kir excellence and consequently 
it is used as the mathematical symbol for all scalars. 

As examples of vector quantities force, displacement, Telo- 
city, and acceleration hare been given. Each of these has 
other characteristics than those which belong to a vector pure 
and simple. The concept of rector involves two ideas and 
two alone — magnitude of the vector and direction of the 
vector. But force is more complicated. When it is applied 
to a rigid body the line in which it acts must be taken into 
consideration; magnitude and direction alone do not suf- 
fice. And in case it is applied to a non-rigid body the point 
of application of the force is as important as the magnitude or 
direction. Such is frequently true for vector quantities other 
than force. Moreover the question of dimensions is present 
as in the case of scalar quantities. The mathematical vector, 
the stroke, which is the primary object of consideration in 
this book, abstracts from all directed quantities their magni- 
tude and direction and nothing but these ; just as the mathe- 
matical scalar, pure number, abstracts the magnitude and 
that alone. Hence one must be on his guard lest from 
analogy he attribute some properties to the mathematical 
vector which do not belong to it; and he must be even more 
careful lest he obtain erroneous results by considering the 
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vector quantities of physics as possessing no properties other 
than those of the mathematical vector. For example it would 
never do to consider force and its effects as unaltered by 
shifting it parallel to itself. This warning may not be 
necessary, yet it may possibly save some confusion. 

4.] Inasmuch as, taken in its entirety, a vector or stroke 
is but a single concept, it may appropriately be designated by 
one letter. Owing however to the fundamental difference 
between scalars and vectors, it is necessary to distinguish 
carefully the one from the other. Sometimes, as in mathe- 
matical physics, the distinction is furnished by the physical 
inteipretation. Thus ii n he the index of refraction it 
must be scalar; m, the mass, and ^ the time, are also 
scalars; but /, the force, and a, the acceleration, are 
vectors. When, however, the letters are regarded merely 
as symbols with no particular physical significance some 
typographical difference must be relied upon to distinguish 
vectors from scalars. Hence in this book Clarendon type is 
used for setting up vectors and ordinary type for scalars. 
This permits the use of the same letter differently printed 
to represent the vector and its scalar magnitude.^ Thus if 
C be the electric current in magnitude and direction, C may 
be used to represent the magnitude of that current ; if g be 
the vector acceleration due to gravity, g may be the scalar 
value of that acceleration ; if ▼ be the velocity of a moving 
mass, V may be the magnitude of that velocity. The use of 
Clarendons to denote vectors makes it possible to pass from 
directed quantities to their scalar magnitudes by a mere 
change in the appearance of a letter without any confusing 
change in the letter itself. 

Definition : Two vectors are said to be equal when they have 
the same magnitude and the same direction. 

^ This conyention, howerer, is bj no means inrariablj followed. In some 
instances it would prore jnst as undesirable as it is conrenient in others. It is 
chiefly TalnaUe in the application of rectors to physics. 
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The equality of two vectors A and B is denoted by the 
usual sign =• Thus A = B. 

Evidently a vector or stroke is not altered by shifting it 
about parailel to itself in space. Hence any vector A = FF* 
(Fig. 1) may be drawn from any assigned point as origin ; 
for the segment FF' may be moved parallel to itself until 
the point F falls upon the point and F* upon some point T. 

In this way all vectors in space may be replaced by directed 
segments radiating from one fixed point 0. Equal vectors 
in space will of course coincide, when placed with their ter- 
mini at the same point 0. Thus (Fig. 1) A = FF\ and B = C^', 
both fall upon T = 0T~. 

For the numerical determination of a vector three scalars 
are necessary. These may be chosen in a variety of ways. 
If r, ^, 5 be polar coordinates in space any vector r drawn 
with its origin at the origin of co<5rdinates may be represented 
by the three scalars r, ^, which determine the terminus of 
the vector. , r^ j. a\ 

Ovitx^y^zhe Cartesian coordinates in space a vector r may 
be considered as given by the differences of the co(Jrdinates a/, 
y'j zf of its terminus and those x^y^zoi its origin. - 

T^{x' — x^y' — i/jz' " z). 

If in particular the origin of the vector coincide with the 
origin of coordinates, the vector will be represented by the 
three coordinates of its terminus 

T^{x',y',z% 

When two vectors are equal the three scalars which repre- 
sent them must be equal respectively each to each. Hence 
one vector equality implies three scalar equalities. 



n 



6 VECTOR ANALYSIS 

Definition : A vector A is said to be equal to zero when its 
magnitude A is zero. 

Such a vector A is called a null or zero vector and is written 
equal to naught in the usual manner. Thus 

A = if ^ = 0. 

All null vectors are regarded as equal to each other without 
any considerations of direction. 

In fact a null vector from a geometrical standpoint would 
be represented by a linear segment of length zero — that is to 
say, by a point. It consequently would have a wholly inde- 
terminate direction or, what amounts to the same thing, none at 
all. If, however, it be regarded as the limit approached by a 
vector of finite length, it might be considered to have that 
direction which is the limit approached by the direction of the 
finite vector, when the length decreases indefinitely and ap- 
proaches zero as a limit. The justification for disregarding 
this direction and looking upon all null vectors as equal is 
that when they are added (Art. 8) to other vectors no change 
occurs and when multiplied (Arts. 27, 31) by other vectors 
the product is zero. 

5.] In extending to vectors the fundamental operations 
of algebra and arithmetic, namely, addition, subtraction, and 
multiplication, care must be exercised not only to avoid self- 
contradictory definitions but also to lay down useful ones. 
Both these ends may be accomplished most naturally and 
easily by looking to physics (for in that science vectors con- 
tinually present themselves) and by observing how such 
quantities are treated there. If then A be a given displace- 
ment, force, or velocity, what is two, three, or in general x 
times A? What, the negative of A? And if B be another, 
what is the sum of A and B ? That is to say, what is the 
equivalent of A and B taken together? The obvious answers 
to these questions suggest immediately the desired definitions^ 
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Scalar Multiplication 

6.] Definition: A vector is said to be multiplied by a 
positive scalar when its magnitude is multiplied by that scalar 
and its direction is left unaltered 

Thus if V be a velocity of nine knots East by North, 2 J times 
V is a velocity of twenty-one knots with the direction still 
East by North. Or if f be the force exerted upon the scale- 
pan by a gram weight, 1000 times f is the force exerted by a 
kilogram. The direction in both cases is vertically down- 
ward. 

If A be the vector and x the scalar the product of x and A is 

denoted as usual by 

X K or Kx. 

It is, however, more customary to place the scalar multiplier 
before the multiplicand A. This multiplication by a scalar 
is called scalar multiplication^ and it follows the associative law 

X {y k) = (x y) K = y (x A) 

as in ordinary algebra and arithmetic. This statement is im- 
mediately obvious when the fact is taken into consideration 
that scalar multiplication does not alter direction but merely 
multiplies the length. 

Definition : A unit vector is one whose magnitude is unity. 

Any vector A may be looked upon as the product of a unit 
vector a in its direction by the positive scalar A^ its magni- 
tude. 

A = -4 a = a ^. 

The unit vector a may similarly be written as the product of 
A by l/A or as the quotient of A and A. 

a = — A = — • 

A A 
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7.] Definitum : The negatiye sign, — , prefixed to a yectox 
reverses its direction but leaves its magnitude unchanged. 

For example if A be a displacement for two feet to the right, 
— A is a displacement for two feet to the left. Again if the 
stroke ^ i^ be A, the stroke B A^ which is of the same length 
9A AB but which is in the direction from Bto A instead of 
from A to By will be — A. Another illustration of the use 
of the negatiye sign may be taken from Newton's third law 
of motion. If A denote an '^action," — A will denote the 
" reaction." The positiye sign, +, may be prefixed to a vec- 
tor to call particular attention to the fact that the direction 
has not been reversed. The two signs + and — when used 
in connection with scalar multiplication of vectors follow the 
same laws of operation as in ordinary algebra. These are 
symbolically 

+ + = + ; +- = -; - + = -; =+; 

— (m A) = m (— A). 

The interpretation is obvious. 



Addition and Suitractian 

8.] The addition of two vectors or strokes may be treated 
most simply by regarding them as defining translations in 
space (Art 2). Let 8 be one vector and T the other. Let P 
be a point of space (Fig. 2). The trans- 
lation 8 carries P into P' such that the 
line PP' is equal to 8 in magnitude and 
direction. The transformation T will then 




) 



carry P' into P"— the line P'P" being 

parallel to T and equal to it in magnitude. 

Fm. S. Consequentiy the result of 8 followed by 

T is to carry the point P into the point 

P". If now Q be any other point in space, 8 will carry Q 

into Q' such that QQ^ = 8 and T will then carry Q' into Q'^ 
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such that C'6" = T. Thus 8 followed by T carries Q into Q'\ 

Moreover, the triangle QQ'Q" is equal to PP^F". For 

the two sides Q Q' and Q' Q*'^ being equal and parallel to 8 

and T respectively, must be likewise parallel to PP' and 

pfpn respectively which are also parallel to 8 and T. Hence 

the third sides of the triangles must be equal and parallel 

That is 

Q Q^' is equal and parallel to PP". 

As Q is any point in space this is equivalent to saying that 
by means of 8 followed by T a^ points of space are displaced 
the same amount and in the same direction. This displace- 
ment is therefore a translation. Consequentiy the two 
translations 8 and T are equivalent to a single translation S. 
Moreover 

if 8 = PP' and T = PTF', then B = PW. 

The stroke B is called the resultant or mm of the two 
strokes 8 and T to which it is equivalent. This sum is de- 
noted in the usual manner by 

B = 8 + T. 

From analogy with the sum or resultant of two translations 
the following definition for the addition of any two vectors is 
laid down. 

Definition : The sum or resultant of two vectors is found 
by placing the origin of the second upon the terminus of the 
first and drawing the vector from the origin of the first to the 
terminus of the second. 

9.] Theorem. The order in which two vectors 8 and T are 
added does not affect the sum. 

8 followed by T gives precisely the same result as T followed 
by 8. For let 8 carry P into P (Fig. 3) ; and T, P' into P". 
8 + T then carries P into P". Suppose now that T carries P 
into P'". The line PP" is equal and parallel to PP\ Con- 
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sequently the points P, P', P'', and P'" lie at the vertices of 

a parallelogram. Hence 
pm pit Jq equal and par- 
allel to PP^. Hence 8 
carries P"' into P". T fol- 
lowed by S therefore car- 
ries P into P" through P', 
whereas S followed by T 
canies P into P'' through 
P'". The final result is in 

either case the same. This may be designated symbolically 

by writing 

E = 8 + T = T + 8. 

It is to be noticed that S = PP' and T = PP"' are the two sides 
of the parallelogram PP' P'^ P"^ which have the point P as 
common origin ; and that B = PP'^ is the diagonal drawn 
through P. This leads to another ver^r common way of 
stating the definition of the sum of two vectors. 

If two vectors be drawn from the same origin and a parallelo- 
gram be constructed upon them as sides, their sum will be that 
diagonal which passes through their common origin. 

This is the weU-known "parallelogram law" according to 
which the physical vector quantities force, acceleration, veloc- 
ity, and angular velocity are compounded. It is important to 
note that in case the vectors lie along the same line vector 
addition becomes equivalent to algebraic scalar addition. The 
lengths of the two vectors to be added are added if the vectors 
have the same direction ; but subtracted if they have oppo- 
site directions. In either case the sum has the same direction 
as that of the greater vector. 

10.] After the definition of the sum of two vectors has 
been laid down, the sum of several may be found by adding 
together the first two, to this sum the third, to this the fourth, 
and so on until all the vectors have been combined into a sin- 



ADDITION AND SCALAR MULTIPLICATION 11 

gle one- The final result is the same as that obtained by placing 
the origin of each succeeding vector upon the terminus of the 
preceding one and then drawing at once the vector from 
the origin of the first to the terminus of the last. In case 
these two points coincide the vectors form a closed polygon 
and their sum is zero. Interpreted geometrically this states 
that if a number of displacements B, S, T • • • are such that the 
sti-okes B, S, T - • • form the sides of a closed polygon taken in 
order, then the effect of carrying out the displacements is nil. 
Each point of space is brought back to its starting point. In- 
terpreted in mechanics it states that if any number of forces 
act at a point and if they form the sides of a closed polygon 
taken in order, then the resultant force is zero and the point 
is in equilibrium under the action of the forces. 

The order of sequence of the vectors in a sum is of no con- 
sequence. This may be shown by proving that any two adja- 
cent vectors may be interchanged without affecting the result. 

To show 

A+B+C+D+E=A+B+D+C+R 



Let A= 0^, B = ^AC = J?C, D= CD, B = DI!. 
Then 0^= A + B + C + D + E. 

Let now B C = 7). Then C B C D is a parallelogram and 
consequently C^ D = C. Hence 

0^ = A + B + D + C + E, 

which proves the statement. Since any two adjacent vectors 
may be interchanged, and since the sum may be arranged in 
any order by successive interchanges of adjacent vectors, the 
order in which the vectors occur in the sum is immaterial. 

11.] Definition : A vector is said to be subtracted when it 
is added after reversal of direction. Symbolically, 

A-B = A+(-B). 

By this means subtraction is reduced to addition and needs 
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no special consideration. There is however an interesting and 
important way of representing the difference of two vectors 
geometrically. Let A = OA, B = OB (Fig. 4). Complete 

the parallelogram of which A and B 
are the sides. Then the diagonal 
£7 = C is the sum A + B of the 
two vectors. Next complete the 
parallelogram of which A and — B 
= OB^ are the sides. Then the di- 
agonal OD = D will be the sum of 
A and the negative of B. But the 
segment OD is parallel and equal 
to BA* Hence BA may be taken as the difference to the two 
vectors A and & This leads to the following rule : The differ- 
ence of two vectors which are drawn from the same origin is 
the vector drawn /rom the terminus of the vector to be sub- 
tracted to the terminus of the vector from which it is sub- 
tracted. Thus the two diagonals of the parallelogram, which 
is constructed upon A and B as sides, give the sum and dif- 
ference of A and B. 

12.] In the foregoing paragraphs addition, subtraction, and 
scalar multiplication of vectors have been defined and inter- 
preted. To make the development of vector algebra mathe- 
matically exact and systematic it would now become necessary 
to demonstrate that these three fundamental operations follow 
the same formal laws* as in the ordinary scalar algebra, al- 
though from the standpoint of the physical and geometrical 
interpretation of vectors this may seem superfluous. These 

laws are 

I^ : m (nA) = n (w A) = (m n) A, 

I^: (A + B) + C = A+ (B + C), 

U : A + B = B + A, 

III^ : (m + n)A = mA + 7iA, 

Illft : m(A + B)=?7iA + mB, 

ni, : - (A + B) = - A - B. 
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I^ is the so-called law of 'association and commutation of 
the scalar factors in scalar multiplication. 

I5 is the law of association for vectors in vector addition. It 
states that in adding vectors parentheses may be inserted at 
any points without altering the result. 

II is the commutative law of vector addition. 

in« is the distributive law for scalars in scalar multipli- 
cation. 

III5 is the distributive law for vectors in scalar multipli- 
cation. 

m^ is the distributive law for the negative sign. 

The proofs of these laws of operation depend upon those 
propositions in elementary geometry which have to deal with 
the first properties of the parallelogram and similar triangles. 
They will not be given here; but it is suggested that the 
reader work them out for the sake of fixing the fundamental 
ideas of addition, subtraction, and scalar multiplication more 
clearly in mind. The result of the laws may be summed up 
in the statement : 

The laws which govern addition, subtraction, and scalar 
multiplication of vectors are identical with those governing these 
operations in ordinary scalar algebra. 

It is precisely this identity of formal laws which justifies 
the extension of the use of the familiar signs =, +, and — 
of arithmetic to the algebra of vectors and it is also this 
which ensures the correctness of results obtained by operat- 
ing with those signs in the usual manner. One caution only 
need be mentioned. Scalars and vectors are entirely different 
sorts of quantity. For this reason they can never be equated 
to each other — except perhaps in the trivial case where each is 
zero. For the same reason they are not to be added together. 
So long as this is borne in mind no difficulty need be antici- 
pated from dealing with vectors much as if they were scalars. 

Thus from equations in which the vectors enter linearly with 
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scalar coeflScients unknown vectors may be eliminated or 
found by solution in the same way and with the same limita- 
tions as in ordinary algebra; for the eliminations and solu* 
tions depend solely on the scalar coefficients of the equations 
and not at all on what the variables represent. If for 
instance 

then A, B, C, or D may be expressed in terms of the other 
three 

as D = --(aA + JB + cC). 

a 

And two vector equations such as 

3A+4B=E 

and 2 A + 3 B = P 

yield by the usual processes the solutions 

A=3E-4P 
and B = 3 P - 2 E. 

Components of Vectors 

13.] Definition : Vectors are said to be collinear when 
they are parallel to the same line; coplanar, when parallel 
to the same plane. Two or more vectors to which no line 
can be drawn parallel are said to be non-coUinear. Three or 
more vectors to which no plane can be drawn parallel are 
said to be non-coplanar. Obviously any two vectors are 
coplanar. 

Any vector b collinear with a may be expressed as the 
product of a and a positive or negative scalar which is the 
ratio of the magnitude of b to that of a. The sign is positive 
when b and a have the same direction ; negative, when they 
have opposite directions. If then 0^ = a, the vector r drawn 
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from the origin to any point of the line OA produced in 

either direction is 

r = a; a. (1) 

If a; be a variable scalar parameter this equation may there- 
fore be regarded as the (vector) equation of all points in the 
line OA. Let now B be any point not 
upon the line OA ot that line produced " 
in either direction (Fig. 5). 

Let OJ? = b- The vector b is surely 
not of the form x a. Draw through B ^iq. 5. 

a line parallel to OA and let R be any 
point upon it. The vector BR \& collinear with a and is 
consequently expressible as a; a. Hence the vector drawn 

from to jS is 

0^=0^+ Wr 

or r = b + ica. (2) 

This equation may be regarded as the (vector) equation of 
all the points in the line which is parallel to a and of which 
B is one point. 

14.] Any vector r coplanar with two non-collinear vectors 
a and b may be resolved into two components parallel to a 
and b respectively. This resolution may 
be accomplished by constructing the par- 
allelogram (Fig. 6) of which the sides are 
parallel to a and b and of which the di- 
agonal is r. Of these components one is 
ica; the other, yb. x and y are respec- * 

tively the scalar ratios (taken with the 
proper sign) of the lengths of these components to the lengths 

of a and b. Hence 

r = « a + y b (2/ 

is a typical form for any vector coplanar with a and b. If 
several vectors r^, r^, r, . • • may be expressed in this form as 
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their sum r is then 
r=:ri + Tj + Tg + . . . = («! + ajj + «8 + • ••) • 

+ (yi + ya + y8 + ...)b. 

This is the well-known theorem that the components of a 
sum of vectors are the sums of the components of those 
vectors. If the vector r is zero each of its components must 
be zero. Consequently the one vector equation r = is 
equivalent to the two scalar equations 

15.] Any vector r in space may be resolved into three 
components parallel to any three given non-coplanar vectors. 

Let the vectors be a, b, 
and 0. The resolution 
may then be accom- 
plished by constructing 
the parallelepiped (Fig. 
7) of which the edges 
are parallel to a, b, and 
and of which the di- 
agonal is r. This par- 
allelopiped may be 
drawn easily by passing 
three planes parallel re- 
spectively to a and b, b and o, o and a through the origin 
of the vector r ; and a similar set of three planes through its 
terminus K, These six planes will then be parallel in pairs 
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and hence form a parallelopiped. That the inteisections of 
the planes aie lines which are parallel to a, or b, or o is 
obvious. The three components of r are a; a, y b, and z o ; 
where x^ y, and z are respectively the scalar ratios (taken with 
the proper sign) of the lengths of these components to the 
length of a, b, and o. Hence 

r = a:a + yb + ^o (4) 

is a typical form for any vector whatsoever in space. Several 
vectors r^ t^t^. • . may be expressed in this form as 

r^ = iCj a + yjL b + «i c, 
Tj = iCj a + ^2 * + «2 ^ 
Fg = iCg a + ^8 * + «8 ^ 



Their sum r is then 



r=ri +1^ + Fg + • • • = («i + «2 + ^8 + • • ') * 
+ (yi + y2+y8 + '••)* 
+ («i + «a + ^8 H ) ^ 

If the vector r is zero each of its three components is zero. 
Consequently the one vector equation r = is equivalent to 
the three scalar equations 

x-^^ x^ •\' x^-\- • • • =^ Q V 

yi + ya + ya + • • • = \ r = 0. (5) 

«i + 2a + ^8 + • ' • = ^ 

Should the vectors all be coplanar with a and b, all the com- 
ponents parallel to o vanish. In this case therefore the above 
equations reduce to those given before. 

16.] If two equal vectors are expressed in terms of the 
same three non-coplanar vectors, the corresponding scalar co* 
efficients are equaL 

% 
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Let r = r', 

r' = ic' a + y' b + «' c, 
Then x = x\ y = y\ z — J. 

For r - r' = = (a; - a:') a + (y - y') * + (« - ^O «• 
Hence a; — a;' = 0, y — y' = 0, 2 — «' = 0. 

But this would not be true if a, b, and were coplanar. In 

that ease one of the three vectors could be expressed in terms 

of the other two as 

= m a + ^ b. 

Then r =a:a + yb + 20 = (a; + m2)a+(y + 7i2)b, 
r' = a;' a + y' b + «' = (aj' + m 2') a + (y' + w. z) b, 
r — r' = [(aj + m 2 ) — (a;' + m 2')] a, 

+ [(y + ^«) - (y' + nz')} b = 0. 

Hence the individual components of r — r' in the directions 

a and b (supposed different) are zero. 

Hence x + mz = x^ + mz' 

y + nz = y' + nz'. 

But this by no means necessitates a;, y, 2 to be equal respec- 
tively to a/, y', z'. In a similar manner if a and b were col- 
linear it is impossible to infer that their coefScients vanish 
individually. The theorem may perhaps be stated as follows : 
In case two equal vectors are expressed in terms of one vector ^ 
or tvx) non-collinear vectors, or three non-coplanar vectors, th^ 
corresponding scalar coefficients are equal. But this is not ne- 
cessarily tnie if the two vectors he collinear ; or the three vectors^ 
coplanar. This principle will be used in the applications 
(Arts. 18 et seq.)- 

The Three Unit Vectors i, j, k. 

17.] In the foregoing paragraphs the method of express- 
ing vectors in terms of three given non-coplanar ones has been 
explained The simplest set of three such vectors is the rect- 
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angular system familiar in Solid Cartesian Geometry. This 
rectangular system may however be either of two very distinct 
types. In one case (Fig. 8, first part) the .^xis ^ lies upon 
that side of the X F- plane on which rotation through a right 
angle from the JT-axis to the F-axis appears counterclockwise 
or positive according to the convention adopted in Trigonome- 
try. This relation may be stated in another form. U the JT- 
axis be directed to the right and the F-axis vertically, tlie 
^^axis will be directed toward the observer. Or if the -T- 
axis point toward the observer and the F-axis to the right, 
the ^axis will point upward. Still another method of state- 

Z Z 




Right-handed 



Fig. a 



Left-handed 



ment is common in mathematical physics and engineering. If 
a right-handed screw be turned from the JT-axis to the F- 
axis it will advance along the {positive) Z^ans. Such a sys- 
tem of axes is called right-handed, positive, or counterclock- 
wise.^ It is easy to see that the F-axis lies upon that side of 
the ^X-plane on which rotation from the ^-axis to the X- 
axis is coimterclockwise ; and the X-axis, upon that side of 

1 By the X-, Y-, or Z-taia the positive half of that axis is meant. The X F- 
plane means the plane which contains the X- and l''-axis, t. e., the plane 2 = 0. 

* A convenient right-handed system and one which is always available consists 
of the thnmb, first finger, and second finger of the right hand. If the thnmb and 
first finger be stretched oat from the palm perpendicular to each other, and if the 
second finger be bent over toward the palm at right angles to fintt finger, a right- 
handed system is formed by the fingers taken in the order thumb, first finger, 
second finger. 
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the Fi^plane on which rotation from the F-axis to the Z- 
axis is counterclockwise. Thus it appears that the relation 
between the three axes is perfectly symmetrical so long as the 
same cyclic order XYZXY is observed. If a right-handed 
screw is turned from one axis toward the next it advances 
along the third. 

In the other case (Fig. 8, second part) the ^-axis lies upon 
that side of the JTl^plane on which rotation through a right 
angle from the X-axis to the F-axis appears dockvnse or neg- 
ative. The J^is then lies upon that side of the ^X-plane 
on which rotation from the Z^xib to the X-axis appears 
clockwise and a similar statement may be made concerning 
the X-«xis in its relation to the F^plane. In this case, too, 
the relation between the three axes is symmetrical so long 
as the same cyclic order XF^XF is preserved but it is just 
the opposite of that in the former case. If a Uft-h&nded screw 
is turned from one axis toward the next it advances along 
the third. Hence this system is called left-handed, negative, 
or clockwise.^ 

The two systems are not superposable. They are sym- 
metric. One is the image of the other as seen in a 
mirror. If the X- and F-axes of the two different systems be 
superimposed, the ^^^xes will point in opposite directions. 
Thus one system may be obtained from the other by reversing 
the direction of one of the axes. A little thought will show 
that if tvH> of the axes be reversed in direction the system will 
not be altered, but if all three be so reversed it will be. 

Which of the two sjrstems be used, matters little. But in- 
asmuch as the formulsB of geometry and mechanics differ 
slightly in the matter of sign, it is advisable to settle once for 
all which shall be adopted. In this book the right-handed or 
counterclockwise system will be invariably employed. 

^ A left-handed system may be formed by the left hand just as a right-handed 
one was fonned by the right. 
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Definition : The three letters i, j, k will be reserved to de- 
note three vectors of unit length drawn respectiyely in the 
directions of the X-^ F-^ and Z- axes of a right-handed rectan- 
gular system. 

In terms of these vectors, any vector may be expressed as 

T^xi + yi + zlL. (6) 

The coefficients a:, y, 2 are the ordinary Cartesian co(Srdinates 
of the terminus of r if its origin be situated at the origin of 
coordinates. The components of r parallel to the X^ F-^ and. 
Z-B^Kes are respectively 

The rotations about i from j to k, about j from k to i, and 
about k from i to j are all positive. 

By means of these vectors i, j, k such a correspondence is 
established between vector analysis and the analysis in Car- 
tesian co(5rdinates that it becomes possible to pass at will 
from either one to the other. There is nothing contradic- 
toiy between them. On the contrary it is often desirable 
or even necessary to translate the formulsB obtained by 
vector methods into Cartesian cotirdinates for the sake of 
comparing them with results already known and it is 
still more frequently convenient to pass from Cartesian 
analysis to vectors both on account of the brevity thereby 
obtained and because the vector expressions show forth the 
intrinsic meaning of the formuke. 

ApplicationB 

*18.] Problems in plane geometry may frequently be solved 
easily by vector methods. Any two non-collinear vectors in 
the plane may be taken as the fundamental ones in terms of 
which all others in that plane may be expressed. The origin 
may also be selected at pleasure. Often it is possible to 
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make such an advantageous choice of the origin and funda- 
mental vectors that the analytic work of solution is materially 
simplified. The adaptability of the vector method is about 
the same as that of oblique Cartesian coordinates with differ* 
ent scales upon the two axes. 

Example 1 : The line which joins one vertex of a parallelo- 
gram to the middle point of an opposite side trisects the diag- 
onal (Fig. 9). 
Let A BCD be tlie parallelogram, BE the line joining the 
vertex B to the middle point E of the side 
9 — "^P^ AD^B, the point in which this line cuts the 
i^^^/ diagonal A C. To show ^ .S is one third of 
p g AC. Choose A as origin, -4-B and AD d& the 

two fundamental vectors 8 and T. Then 
-4 (7 is the sum of 8 and T. Let AR = E. To show 

E=J(8 + T). 

E = 2^8 = -ile + ^5 = 1 T + a: (8 - 1t), 

where x is the ratio of ER to EB — an unknown scalar. 

And E = y (8 + T), 

where y is the scalar ratio of AB to ^ C7 to be shown equal 
to J. 

Hence j T + z (8 -1 T) = y (S + T) 

or a;8+i(l-a!)T = y8 + yT. 

Hence, equating corresponding coefficients (Art 16>, 

s(l-«)=y. 
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From which y = 1. 

Inasmuch b& x ]& also 3 the line EB must be trisected as 
well as the diagonal A C. 

Example 2 : If through any point within a triangle lines 
be drawn parallel to the sides the sum of the ratios of these 
lines to their corresponding sides is 2. 

Let -4-8(7 be the triangle, R the point within it. Choose 
A as origin, A B and AC z& the two fundamental vectors 8 
and T. Let 

Z^ = E = m8+,7iT. (a) 

m 8 is the fraction oi AB which is cut off by the line through 
R parallel U> AG. The remainder oi AB must be the frac- 
tion (1 — 7») S. Consequently by similar triangles the ratio of 
the line parallel to -4 67 to the line A C itself is (1 — m). 
Similarly the ratio of the line parallel to ^-B to the line AB 
itself is (1 — n). Next express R in terms of 8 and T — 8 the 
third side of the triangle. Evidently from (a) 

E = (m + 7i) S + 71 (T — S). 

Hence (m + ti) S is the fraction ot AB which is cut off by the 
line through R parallel to BC. Consequently by similar tri- 
angles the ratio of this line to -B (7 itself is (m + ti). Adding 
the three ratios 

(1 — m) + (1 — 7i) + (m + 7i) = 2, 

and the theorem is proved. 

Example 3 : If from any point within a parallelogram lines 
be drawn parallel to the sides, the diagonals of the parallelo- 
grams thus formed intersect upon the diagonal of the given 
parallelogram. 

Let A BCD be a parallelogram, R a point within it, KAf 
and LN two lines through R parallel respectively to -4-B and 
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ADj the points JT, Z, M^ If lying upon the sides DA^ A By 
BOy CD respectively. To show that the diagonals KN and 
ZJf of the two parallelograms KRND and LB MR meet 
on A C. Choose A as origin, A B and AD 2A the two funda- 
mental vectors 8 and T. Let 

E = AR = m 8 + n T, 

and let P be the point of intersection of KNYiiih LM. 

Then ZiV^=-£\B + ^BiV' = m S + (1 -n) T, 

ilS^=(l-m)S + nT, 
^^TP^AL^yLM. 

Hence P = n T + a: [m 8 + (1 — w) T], 

and P = m 8 + y [(1 — m) 8 + w T]. 

Equating coefficients, 

ajm = m + y(l — m) 
yw = w + a:(l— n) 



By solution, a; 



n 



y = 



m + ^ — 1 
m + 71 — 1 



Substituting either of these solutions in the expression for P, 
the result is 

which shows that P is collinear with A C. 

* 19.] Problems in three dimensional geometry may be 
solved in essentially the same manner as those in two dimen- 
sions. In this case there are three fundamental vectors in 
terms of which all others can be expressed. The method of 
solution is analogous to that in the simpler case. Two 
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expressions for the same vector are usually found. The co- 
efficients of the corresponding terms are equated. In this way 
the equations between three unknown scalars are obtained 
from which those scalars may be determined by solution and 
then substituted in either of the expressions for the required 
vector. The vector method has the same degree of adapta- 
bility as the Cartesian method in which oblique axes with 
different scales are employed. The following examples like 
those in the foregoing section are worked out not so much for 
their intrinsic value as for gaining a familiarity with vectors. 

Example 1: Let ABCB be a tetrahedron and P any 
point within it. Join the vertices to P and produce the lines 
until they intersect the opposite faces in -4', B\ C\ D\ To 
show 

PA' PB[ PC[ PD' _. 
A A' '^ BB' "^ CC '^ DD'" 



Choose A as origin, and the edges AB^ AC^ AD as the 
three fundamental vectors B, C, D. Let the vector ^Pbe 

A' = AA' = Aj P = Aj (/B + m C + n D). 

Also hl^AA! = AB'\-BA}. 

The vector BA' is coplanar with BC = C — B and ^BD =■ 
D — B. Hence it may be expressed in terms of them. 

A' = B + «! (C - B) + yi (D - B). 

Equating coefficients h^m^x^y 

1 



Hence Aj = 



I + m + n 



""^ j^ = nfer=i-<^+^+'*>- 
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In like manner A B' = x^C + y^J^ 

and XB' = J^B + ^5'= B + Aj (P - B> 

Hence a?2C + y2^ = * + *2(^* + ^C + 7iD — B) 
and = 1 + Aa (^ - 1)» 

rcj = *a ^1 

ya = *2 ^• 
1 



Hence ft^ = 



1-Z 



? 



In the same way it may be shown that 
PC< ^PD' 

Adding the four ratios the result is 

l-Q + m + n) + l + m+n = l. 

Example 2 : To find a line which passes through a given 
point and cuts two given lines in space. 

Let the two lines be fixed respectively by two points A 
and -B, C and D on each. Let be the given point. Choose 
it as origin and let 

A =02; B=OB, C=OC, T)=OD. 

Any point Pot AB may be expressed as 

r=OF=OA + xAB = A + x('B-A). 

Any point Q of CD may likewise be written 

a=0^=0~<7+yC5 = C + y(D-C)- 

If the points P and Q lie in the same line through (7, P and Q 
are coUinear. That is 

p = «a 
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Before it is possible to equate coefficients one of the four 
vectors must be expressed in terms of the other three. 

Let D = /A + wiB + 7iC. 

Then P = A + a? (B - A) 

= 2 [C + y (/A + mB+ tiC-C)]. 
Hence 1 — a: = 2 y /, 

= 2[l + y(7i-l)]. 

Hence x = » 

I + m 

1 
1-n 



z = 



Substituting in P and Q 

lA+mB 
~" I + m 

Either of these may be taken as defining a line drawn from 
and cutting A B and CD. 

Vector BelatioTis independent of the Origin 

20.] Example 1 : To divide a line ^ jS in a given ratio 
m : n (Fig. 10). 

Choose any arbitrary point as 
origin. Let OA = A and OB = B. 
To find the vector P ="0P of which 
the terminus F divides -4 -B in the ^^ ^10. 10. 
ratio m :n. 

P== 0P== 02 + ~^XB = A + -4-" (B - ^> 
m + n m + n 

Thatis, P= ^1^ • (7) 




28 VECTOR ANALYSIS 

The components of P parallel to A and B are in inverse ratio 
to the segments AP and PB into which the line -4 -Bis 
divided by the point P. If it should so happen that P divided 
the line AB externally, the ratio AP / PB would be negSr 
tive, and the signs of m and n would be opposite, but the 
formula would hold without change if this difference of sign 
in m and n be taken into account. 

Example 2 : To find the point of intersection of the medians 
of a triangle. 

Choose the origin at random. Itet ABChe the given 
triangle. Let 02 = A, 0B = B, and 0~C= C. Let A\B\ C 
be respectively the middle points of the sides opposite the 
vertices A^ B^ C. Let M be the point of intersection of the 
medians and M = Jf the vector drawn to it. Then 

and 

Assuming that has been chosen outside of the plane of the 
triangle so that A, B, C are non-coplanar, corresponding coeffi- 
cients may be equated. 



Hence 
Hence 



1 


= l-y, 


1 

2* 


1 


x = 


a 


1 


(A + B + C). 
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The vector drawn to the median point of a triangle is equal 
to one third of the sum of the vectors drawn to the vertices. 
In the problems of which the solution has just been given 
the origin could be chosen arbitrarily and the result is in- 
dependent of that choice. Hence it is even possible to disre- 
gard the origin entirely and replace the vectors A, B, C, etc.> 
by their termini A^ Bj C, etc. Thus the points themselves 
become the subjects of analysis and the formulsB read 

nA + mB 



P = 



m + n 



and M=l(A + B+ C). 

This is typical of a whole class of problems soluble by vector 
methods. In fact any purely geometric relation between the 
different parts of a figure must necessarily be independent 
of the origin assumed for the analytic demonstration. In 
some cases, such as those in Arts. 18, 19, the position of the 
origin may be specialized with regard to some crucial point 
of the figure so as to facilitate the computation ; but in many 
other cases the generality obtained by leaving the origin un- 
specialized and undetermined leads to a symmetry which 
renders the results just as easy to compute and more easy 
to remember. 

Theorem : The necessary and sufficient condition that a 
vector equation represent a relation independent of the origin 
is that the sum of the scalar coefficients of the vectors on 
one side of the sign of equality is equal to the sum of the 
coefficients of the vectors upon the other side. Or if all the 
terms of a vector equation be transposed to one side leaving 
zero on the other> the sum of the scalar coefficients must 
be zero. 

Let the equation written in the latter form be 
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Change the origin from to 0' by adding a constant vector 
E = (?' to each of the vectors A, B, C, D — The equation 
then becomes 

a (A + R) + 6 (B + B) + c (C + R) + d (D + E) + . . . = 
= aA + 6B + cC + dD+.-- + R(a + 6 + c + (i + ...). 

If this is to be independent of the origin the coefficient of R 
must vanish. Hence 

That this condition is fulfilled in the two examples cited 
is obvious. 
If p^nA + mB 

1 = 



m + 71 




If M = i(A + B + C), 

* 21.] The necessary and sufficient condition that two 
vectors satisfy an equatioui in which the sum of the scalar 
coefficients is zero, is that the vectors be equal in magnitude 
and in direction. 

First let aA + JB = 

and a + 6 = 0. 

It is of course assumed that not both the coefficients a and I 
vanish. If they did the equation would mean nothing. Sub- 
stitute the value of a obtained from the second equation into 

the first. 

-JA + JB = 0. 

Hence A = B. 
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Secondly if A and B are equal in magnitude and direction 

the equation 

A-B = 

subsists between them. The sum of the coefficients is zero. 

The necessary and sufficient condition that three vectors 
satisfy an equation, in which the sum of the scalar coefficients 
is zero, is that when drawn from a common origin they termi- 
nate in the same straight line.^ 

First let aA + 6B + cC = 

and a + J + c = 0. 

Not all the coefficients a, h^ c, vanish or the equations 

would be meaningless. Let c be a non-vanishing coefficient. 

Substitute the value of a obtained from the second equation 

into the first. 

-(J + c)A + 6B + cC = 0, 

or c (C - A) = J (A - B). 

Hence the vector which joins the extremities of C and A is 
collinear with that which joins the extremities of A and B. 
Hence those three points -4, -8, C lie on a line. Secondly 
suppose three vectors A = 0-4, B = OB, C= OC drawn from 
the same origin terminate in a straight line. Then the 

vectors " 

J^ = B - A and JC^= C - A 

are collinear. Hence the equation 

(B - A) = a: (C - A) 

subsists. The sum of the coefficients on the two sides is 
the same. 

The necessary and sufficient condition that an equation, 
in which the sum of the scalar coefficients is zero, subsist 

^ Vectors which have a common origin and terminate in one line are called by 
Hamilton " termincxollinear.** 



) 
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between four vectors, is that if drawn from a common origin 
they terminate in one plane.^ 

First let aA + JB + cC + ^B = 

and a + b + c + d = 0. 

Let (2 be a non-vanishing coefficient Substitute the value 
of a obtained from the last equation into the first. 

or (i (D - A) = J (A - B) + c (A - C). 

The line AD ia coplanar with AB and A C. Hence aU four 
termini A^ By C^D oi A, B, C, D lie in one plane. Secondly 
suppose that the termini of A, B, C, D do lie in one plane. 
Then AD = D - A, 'AC = C - A, and AB = B - A are co- 
planar vectors. One of them may be expressed in terms of 
the other two. This leads to the equation 

/ (B - A) + m (C - A) + n (D - A) = 0, 

where Z, m, and n are certain scalars. The sum of the coeffi- 
cients in this equation is zero. 

Between any five vectois there exists one equation the sum 
of whose coefficients is zero. 

Let A,B»C»D»E be the five given vectois.^ Form the 

differences 

E-A, E-B, E-C E-D. 

One of these may be expressed in terms of the other three 
— or what amounts to the same thing there must exist an 
equation between them. 

i (E - A) + / (E - B) + m (B - C) + n (E - D) = 0. 

The sum of the coefficients of this equation is zero. 

1 Vectors which hare » comnKm origin and terminate in one plane are called 
hj Hamilton '* Unm»o<mi^kmar,** 
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*22.] The results of the foregoing section afford simple 
solutions of many problems connected solely with the geo- 
metric properties of figures. Special theorems, the vector 
equations of lines and planes, and geometric nets in two and 
three dimensions are taken up in order. 

Example 1: If a line be drawn parallel to the base of a 
triangle, the line which joins the opposite vertex to the inter- 
section of the diagonals of the 
trapezoid thus formed bisects the 
base (Fig. 11). 

Let ^5(7 be the triangle, ED 
the line parallel to the base CB^ 
O the point of intersection of the 
diagonals EB and DC oi the tra- 
pezoid CBDE^ and i^the intersec- 
tion of ^ G^ with CB. To show 
that F bisects CB. Choose the 
origin at random. Let the vectors drawn from it to the 
various points of the figure be denoted by the corresponding 
Clarendons as usual. Then since ED is by hypothesis paral- 
lel to CBy the equation 

E - D = n (C - B) 

holds true. The sum of the coefficients is evidently zero as 

it should be. Rearrange the terms so that the equation 

takes on the form 

E — nC = D — TiB. 

The vector E — nO is coplanar with E and 0. It must cut 
the line EC. The equal vector D — nB is coplanar with D 
and B. It must cut the line DB. Consequently the vector 
represented by either side of this equation must pass through 
the point A. Hence 

E — n = D — n B = a; A. 
8 
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However the points E^ Cy and A lie upon the same straight 
line. Hence the equation which connects the vectors E,C, 
and A must be such that the sum of its coefficients is zero. 
This determines xB&l^n. 

Hence E — nC = D — nB = (l — w)A. 

By another rearrangement and similar reasoning 

E + 7iB = D + 7iC = (l + ^)0. 
Subtract the first equation from the second : 

w (B + C) = (1 + ^) - (1 - ^) A. 

This vector cuts BC and AQ. It must therefore be a 
multiple of F and such a multiple that the sum of the coeffi- 
cients of the equations which connect B, 0, and F or 0, A, 
and F shall be zero. 

Hence » (B + C) = (1 + n) Q - (1 - ^) A = 2 nF. 
Hence F = t 

and the theorem has been proved. The proof has covered 
considerable space because each detail of the reasoning has 
been given. In reality, however, the actual analysis has con- 
sisted of just four equations obtained simply from the first. 

Example 2: To determine the equations of the line and 
plane. 

Let the line be fixed by two points A and B upon it. Let 
P be any point of the line. Choose an arbitrary origin. 
The vectors A, B, and P terminate in the same line. Hence 

aA + &B+^P = 
and a + h+ p = 0. 

rryx. t ^ aA + JB 

Therefore P = -— • 

a + h 
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For different points P the scalars a and h have different 
values. Thej may be replaced by x and y, which are used 
more generally to represent variables. Then 



P = 



xK + yH 
x + y 



Let a plane be determined by three points A^By and C. 
Let P be any point of the plane. Choose an arbitrary origin. 
The vectors A, B, C, and P terminate in one plane. Hence 

and a + J + c + i? = 0. 



Therefore 



P = 



a + 6 + c 



As a, hy Cy vary for different points of the plane, it is more 
customary to write in th^ir stead x, y, z. 

xA + yB + zO 
x + y -{-z 



P = 



Example S: The line which joins one vertex of a com- 
plete quadrilateral to the intersection of two diagonals 
divides the opposite sides har- 
monically (Fig. 12). 

Let Ay B^CyDhe four vertices 
of a quadrilateral. Let A B meet 
(72> in a fifth vertex E, and AD 
meet BC m the sixth vertex F. 
Let the two diagonals AC and p,^ ^2. 

BD intersect in 0. To show 

that FO intersects AB m^k point E^ and CD in a point E^^ 
such that tjie lines AB and CD are divided internally at 
E' and E" in the same ratio as they are divided externally 
by E. That is to show that the cross ratios 

{AB.EE')^{CD.EE*')^'-1. 
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Choose the origin at random. The four vectors A, B, 0, D 
drawn from it to the points A^ B^ C7, D terminate in one 
plane. Hence 

and a4-6 + c + d = 0. 

Separate the equations by transposing two terms : 

aA + cC = -(JB + (iB), 
a + c = — ( J + <i). 
ak + cQ (B + ^B 



Divide : G = 



In like manner F = 
Form 



a-^- c h + d 

aA + ^B hH + cQ 



a + d 6 + c 

(a + c)Q — (a + d)P cC — dH 



(a + c) — (a + rf) (a + c) — (a + rf) 

or (a + c)Q-{a + d)Jf ^ cC^-~rfB ^ ^„^ 

c ^d e — d * ^ ^ 

Separate the equations again and divide : 

aA + ^B cC + ^B 



a + i c + d 



= R (J) 



Hence E divides AB m the ratio a : I and CL in the ratio 
e :d. But equation (a) shows that -&" divides (72) in the 
ratio ''c:d. Hence E and E" divide C2> internally and 
externally in the same ratio. Which of the two divisions is 
internal and which external depends upon the relative signs 
of c and d. If they have the same sign the internal point 
of division is E; if opposite signs, it is ^". In a similar way 
E* and E may be shown to divide AB harmonically. 

Example 4' To discuss geometric nets. 

By a geometric net in a plane is meant a figure composed 
of points and straight lines obtained in the following manner. 
Start with a certain number of points all of which lie in one 
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plane. Draw all the lines joining these points in pairs. 
These lines will intersect each other in a number of points. 
Next draw all the lines which connect these points in pairs. 
This second set of lines will determine a still greater number 
of points which may in turn be joined in pairs and so on. 
The construction may be kept up indefinitely. At each step 
the number of points and lines in the figure increases. 
Probably the most interesting case of a plane geometric net is 
that in which four points are given to commence with. 
Joining these there are six lines which intersect in three 
points different from the given four. Three new lines may 
now be drawn in the figure. These cut out six new points. 
From these more lines may be obtained and so on. 
To treat this net analytically write down the equations 

aA + JB 4- cC + dD = (c) 

and a + J + c4-rf = 

which subsist between the four vectors drawn from an unde- 
termined origin to the four given points. From these it is 
possible to obtain 



B = 



aA4- cC 



= 



a + c 
aA + (2D 



c + d 


&B + iD 


6 + d 


6B + cC 



a + d I + c 



by splitting the equations into two parts and dividing. Next 
four vectors such as A, D, E, F may be chosen and the equa- 
tion the sum of whose coefficients is zero may be determined. 
This would be 

-aA + dD + (a + 6)B+ (a + c)P = 0. 

By treating this equation as (c) was treated new points may 
be obtained. 
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— aA + dJ} {a + 6)B + (a + c)P 



E = 
1 = 
Z = 



— aA+ (a + 6)B rfD+ (a + c)P 
= — f 

b a + c + d 

— gA+(a4-c)F _ dD+ (a + 6)B 
e a + b '\- d 



Equations between other sets of four vectors selected from 
A,B,C,D,E,F,0 may be found; and from these more points 
obtained. The process of finding more points goes forward 
indefinitely. A fuller account of geometric nets may be 
found in Hamilton's " Elements of Quatemions^^^ Book I. 

As regards geometric nets in space just a word may be 
said. Five points are given. From these new points may be 
obtained by finding the intersections of planes passed through 
sets of three of the given points with lines connecting the 
remaining pairs. The construction may then be carried for- 
ward with the points thus obtained. The analytic treatment 
is similar to that in the case of plane nets. There are 
five vectors drawn from an undetermined origin to the given 
five points. Between these vectors there exists an equation 
the sum of whose coefficients is zero. This equation may be 
separated into parts as before and the new points may thus 
be obtained. 
If aA + 6B+ cC + dD + eB = 

and a + b + e + d + e = Of 

^, ^ aA + &B cC + dD + «B 

then B = r-z — = :—^r-. » 



E = 



a + b e + d + e 

aA + cQ bB + dJ} ■{- e'E 
a + b b + d + e 



are two of the points and others may be found in the same 
way. Nets in space are also discussed by Hamilton, loc. cit. 
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Centers of Gravity 

* 23.] The center of gravity of a system of particles may 
be found very easily by vector methods. The two laws of 
phjrsics which will be assumed are the following: 

1**. The center of gravity of two masses (considered as 
situated at points) lies on the line connecting the two masses 
and divides it into two segments which are inversely pro- 
portional to the masses at the extremities. 

2**. In finding the center of gravity of two systems of 
masses each system may be replaced by a single mass equal 
in magnitude to the sum of the masses in the system and 
situated at the center of gravity of the system* 

Given two masses a and I situated at two points A and B. 
Their center of gravity Q is given by 

a A + &B 

= ^4x4^' <^> 

a •\- 

where the vectors are referred to any origin whatsoever. 
This follows immediately from law 1 and the formula (7) 
for division of a line in a given ratio. 

The center of gravity of three masses a, 6, c situated at the 
three points A^B^C may be found by means of law 2. The 
masses a and h may be considered as equivalent to a single 
mass a + & situated at the point 

aA+ 6B 
a + ft 

Then = (a + 6) — tA? + c C 

a •\-o 

a +& + C 

„ ^ a A 4- 6B + cC 

Hence = — ,— • 

a ■\'0 •\- c 
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Evidently the center of gravity of any number of masses 
a, bj c^ dy ... situated at the points A^ B^ C^ D^ ... may 
be found in a similar manner. The result is 

Theorem 1 : The lines which join the center of gravity of a 
triangle to the vertices divide it into three triangles which 
are proportional to the masses at the op- 
posite vertices (Fig. 13). Let -4, 5, C 
be the vertices of a triangle weighted 
with masses a, &, c. Let Q be the cen- 
ter of gravity. Join A^ B^ C to Q and 
produce the lines until they intersect 
the opposite sides in A\ B\ C" respectively. To show that 
the areas 

O B C : C A : A B : AB C - a:h :c : a + I + c. 

The last proportion between ABC and a + h + e comes 
from compounding the first three. It is, however, useful in 
the demonstration. 

ABC AA^_AG OA' _h + c 

GA' " OA''^ 0A' '^ a "*" 

Hence 





and 



GAB 



) 



Hence the proportion is proved. 

Theorem S: The lines which join the center of gravity of 
a tetrahedron to the vertices divide the tetrahedron into four 
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tetrahedia which are proportional to the masses at the oppo- 
site vertices. 

Let -4, By Cy Dhe the vertices of the tetrahedron weighted 
respectively with weights a, b^ c, d. Let G be the center of 
gravity. Join Ay B^ C, D to G and produce the lines until 
they meet the opposite faces in A'^ B\ C\ L\ To show that 
the volumes 

BCDO:CDAG:DABG:ABCO:ABCD 
= a : 6 ; c ;d ; a + 6 + c + d. 

BCD A _ AA!^ _ AG^ GA!^ _ h + c + d 
BCDG" GA' " GA' "*" G A' " a ^ 

a + h + c + d 



In like manner 

and 

and 





a 


' 


CD AG 


a-\-h-Vc 


+ d 


CBAB 


b 


9 


DABG 


a + h + 


e + d 


DABG 


e 




ABGG 


a + b + 


e + d 



A BCD d 



which proves the proportion. 

* 24.] By a suitable choice of the three masses, a, &, e lo- 
cated at the vertices Ay By (7, the center of gravity G may 
be made to coincide with any given point P of the triangle. 
If this be not obvious from ph3rsical considerations it cer- 
tainly becomes so in the light of the foregoing theorems. 
For in order that the center of gravity fall at P, it is only 
necessary to choose the masses a, by c proportional to the 
areas of the triangles PBCy PC Ay and PAB respectively. 
Thus not merely one set of masses a, by c may be found, but 
an infinite number of sets which differ from each other only 
by a common factor of proportionality. These quantities 
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a, by e may therefore be looked upon as coordinates of the 
points P inside of the triangle ABC. To each set there 
corresponds a definite point P, and to each point P there 
corresponds an infinite number of sets of quantities, which 
however do not differ from one another except for a factor 
of proportionality. 

To obtain the points P of the plane ABC which lie outside 
of the triangle ABC one may resort to the conception of 
negative weights or masses. The center of gravity of the 
majsses 2 and — 1 situated at the points A and B respectively 
would be a point G dividing the line AB externally in the 
ratio 1 : 2. That is 

0A:GB=zli2. 

Any point of the line A B produced may be represented by 
a suitable set of masses a, h which differ in sign. Similarly 
any point P of the plane ABC may be represented by a 
suitable set of masses a, &, e of which one will differ in sign 
from the other two if the point P lies outside of the triangle 
ABC. Inasmuch as only the ratios of a, &, and c are im* 
portant two of the quantities may always be taken positive. 

The idea of employing the masses situated at the vertices 
as coordinates of the center of gravity is due to Mobius and 
was published by him in his book entitled *^ Der harycentrUche 
Calculy^ in 1827. This may be fairly regarded as the starting 
point of modem analytic geometry. 

The conception of negative masses which have no existence 
in nature may be avoided by replacing the masses at the 
vertices by the areas of the triangles GBC^ GCA^ and 
GAB to which they are proportional. The coordinates of 
a point P would then be three numbers proportional to the 
areas of the three triangles of which P is the common vertex ; 
and the sides of a given triangle ABC, the bases. The sign 
of these areas is determined by the following definition. 
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Definition: The area ABC of a triangle is said to be 
positive when the vertices -4, 5, C follow each other in the 
positive or counterclockwise direction upon the circle de- 
scribed through them. The area is said to be negative when 
the points follow in the negative or clockwise direction. 

Cyclic permutation of the letters therefore does not alter 
the sign of the area. 

ABC = BCA = CAB. 

Interchange of' two letters which amounts to a reversal of 
the cyclic order changes the sign. 

ACB^BAC=^CBA^-ABC. 

If P be any point within the triangle the equation 

PAB + PBC+PCA=::ABC 

must hold. The same will also hold if P be outside of the 
triangle provided the sigvs of the areas be taken into con- 
sideration. The areas or three quantities proportional to 
them may be regarded as cob'rdinates of the point P. 

The extension of the idea of " harycentric " coordinates to 
space is immediate. The four points A^ P, (7, D situated at 
the vertices of a tetrahedron are weighted with mass a, 6, c, d 
respectively. The center of gravity G is represented by 
these quantities or four others proportional to them. To 
obtain points outside of the tetrahedron negative masses 
may be employed. Or in the light of theorem 2, page 40, 
the masses may be replaced by the four tetrahedra which 
are proportional to them. Then the idea of negative vol- 
umes takes the place of that of negative weights. As this 
idea is of considerable importance later, a brief treatment of 
it here may not be out of place. 

Definition: The volume ABCD of a tetrahedron is said 
to be positive when the triangle ABC appears positive to 
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the eye situated at the point D. The volume is negative 
if the area of the triangle appear negative. 

To make the discussion of the signs of the various 
tetrahedra perfectly clear it is almost necessary to have a 
solid model. A plaru drawing is scarcely sufficient. It is 
difficult to see from it which triangles appear positive and 
which negative. The following relations will be seen to 
hold if a model be examined. 

The interchange of two letters in the tetrahedron AB CD 
changes the sign. 

ACBD=CBAD=BAOD=DBaA 
z^ADCB^ABDC^-ABCD. 

The sign of the tetrahedron for any given one of the pos- 
sible twenty-four arrangements of the letters may be obtained 
by reducing that arrangement to the order A B C D hy 
means of a number of successive interchanges of two letters. 
If the number of interchanges is even the sign is the same 
as that oi AB CD ; if odd, opposite. Thus 

CADB^^CABD^^-ACBD^-^ABCD. 

If P is any point inside of the tetrahedron ABCD the 
equation 

ABCP'-BCDP+ CDAP--DABP=^ABCD 

holds good. It still is true if P be without the tetrahedron 
provided the signs of the volumes be taken into considera- 
tion. The equation may be put into a form more symmetri- 
cal and more easily remembered by transposing all the terms 
to one number. Then 

ABCD + BCDP+ CDPA + DPAB+PABC=0. 

The proportion in theorem % page 40« does not hold true 
if the signs of the tetrahedra be regarded. It should read 

BCDO:CDGA:DGAB:OABC:ABCD 
^a :h : e : d : a + 1 + c + d. 
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If the point Q lies inside the tetrahedron a^h^c^d repre- 
sent quantities proportional to the masses which must be 
located at the vertices A^ J?, (7, D respectively if G^ is to be the 
center of gravity. If Q lies outside of the tetrahedron they may 
still be regarded as masses some of which are negative — or 
perhaps better merely as four numbers whose ratios determine 
the position of the point G. In this manner a set of "bary- 
urUric " coordinates is established for space. 

The vector P drawn from an indeterminate origin to any 
point of the plane ABCia (page 35) 

_, xA + yB + zC 
jf = ' , 

x + y + z 
Ciomparing this with the expression 

aA + h'B + cQ 



= 



a 4- 6 + c 



it will be seen that the quantities a:, y,2r are in reality nothing 
more nor less than the barycentric cot>rdinates of the point P 
with respect to the triangle ABO. In like manner from 

equation 

^^xA + yB + zC + wJ) 

"" x + y + Z + W 

which expresses any vector P drawn from an indeterminate 
origin in terms of four given vectors A, B, C, D drawn from 
the same origin, it may be seen by comparison with 

gA + bB + eC + dJi 
"" a + b + e + d 

that the four quantities x, y, «, ii? are precisely the bary« 
centric coordinates of P, the terminus of P, with respect to 
the tetrahedron ABCD. Thus the vector methods in which 
the origin is undetermined and the methods of the ^^ Bary- 
centric Calcvlus " are practically co-extensive. 
It was mentioned before and it may be well to repeat here 
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that the origin may be left wholly out of consideration and 
the vectors replaced by their terminL The vector equations 
then become point equations 

xA +y£+zO 



P = 
and P = 



x + y + z 
xA +yB+zC+wD 



X + y + z + w. 

This step brings in the points themselves as the objects of 
analysis and leads still nearer to the ^^ Barycentrische CaldU " 
of MObius and the ^^AusdehnungsleJire " of Grassmann. 

TJie Use of Vectors to denote Areas 

25.] Definition: An area lying in one plane MN and 
bounded by a continuous curve PQJR which nowhere cuts 
itself is said to appear positive from the point when the 

letters PQE follow each 
other in the counterclockwise 
or positive order; negative, 
when they follow in the 
negative or clockwise order 
(Fig. 14). 

It is evident that an area 
can have no determined sign 
per se, but only in reference 
to that direction in which its 
boundary is supposed to be traced and to some point out- 
side of its plane. For the area P B Qia negative relative to 
PQB; and an area viewed from is negative relative to the 
same area viewed from a point 0' upon the side of the plane 
opposite to 0. A circle lying in the JTF-plane and described 
in the positive trigonometric order appears positive from every 
point on that side of the plane on which the positive ^^ixis 
lies, but negative from all points on the side upon which 




ADDITION AND SCALAR MULTIPLICATION 47 

the negatiye Z-axis lies. For this reason the point of view 
and the direction of description of the boundary must be kept 
clearly in mind. 

Another method of stating the definition is as follows : If 
a person walking upon a plane traces out a closed curve, the 
area enclosed is said to be positive if it lies upon his left- 
hand side, negative if upon his right. It is clear that if two 
persons be considered to trace out together the same curve by 
walking upon opposite sides of the plane the area enclosed 
will lie upon the right hand of one and the left hand of the 
other. To one it will consequently appear positive ; to the 
other, negative. That side of the plane upon which the area 
seems positive is called the positive side; the side upon 
which it appears negative, the negative side. This idea is 
familiar to students of electricity and magnetism. If an 
electric current flow around a closed plane curve the lines of 
magnetic force through the circuit pass from the negative to 
the positive side of the plane. A positive magnetic pole 
placed upon the positive side of the plane will be repelled by 
the circuit. 

A plane area may be looked upon as possessing more than 
positive or negative magnitude. It may be considered to 
possess direction, namely, the direction of the normal to the 
positive side of the plane in which it lies. Hence a plane 
area is a vector quantity. The following theorems concerning 
areas when looked upon as vectors are important. 

Theorem 1 : U a, plane area be denoted by a vector whose 
magnitude is the numerical value of that area and whose 
direction is the normal upon the positive side of the plane, 
then the orthogonal projection of that area upon a plane 
will be represented by the component of that vector in the 
direction normal to the plane of projection (Fig. 15). 

Let the area A lie in the plane MN. Let it be projected 
orthogonally upon the plane M' N'. Let MN and M^ N^ inter- 
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sect in the line I and let the diedral angle between these 
two planes be x. Consider first a rectangle PQJRS in MN 
whose sides, PQ, ES and QE^ SP are respectively parallel 
and perpendicular to the line l. This will project into a 
rectangle P'Q'B^S' in M'N^. The sides P'Q' and B'S' 
will be equal to PQ and BS; but the sides Q'B' and S^P' 
will be equal to QB and SP multiplied by the cosine of x^ 
the angle between the planes. Consequently the rectangle 

P'Q'B'S'^PQBScoex. 
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Hence rectangles, of which the sides are respectively 
parallel and perpendicular to Z, the line of intersection of the 
two planes, project into rectangles whose sides are likewise 
respectively parallel and perpendicular to I and whose area is 
equal to the area of the original rectangles multiplied by the 
cosine of the angle between the planes. 

From this it follows that any area A is projected into an 
area which is equal to the given area multiplied by the cosine 
of the angle between the planes. For any area A may be di- 
vided up into a large number of small rectangles by drawing a 
series of Unes in JfilT parallel and perpendicular to the line L 
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Each of these rectangles when projected is multiplied by the 
cosine of the angle between the planes and hence the total 
area is also multiplied by the cosine of that angle. On the 
other hand the component A' of the vector A, which repre- 
sents the given area, in the direction normal to the plane 
M'N^ of projection is equal to the total vector A multiplied 
by the cosine of the angle between its direction which is 
the normal to the plane MN and the normal to M^NK This 
angle is 2;; for the angle between the normals to two planes 
is the same as the angle between the planes. The relation 
between the magnitudes of A and A' is therefore 

-4' = -4 cos Xj 
I 
which proves the theorem. 

26.] Definition : Two plane areas regarded as vectors are 
said to be added when the vectors which represent them are 
added. 

A vector area is consequently the sum of its three com- 
ponents obtainable by orthogonal projection upon three 
mutually perpendicular planes. Moreover in adding two 
areas each may be resolved into its three components, the 
corresponding components added as scalar quantities, and 
these sums compounded as vectors into the resultant area. 
A generalization of this statement to the case where the three 
planes are not mutually orthogonal and where the projection 
is oblique exists. 

A surface made up of several plane areas may be repre- 
sented by the vector which is the sum of all the vectors 
representing those areas. In case the surface be looked upon 
as forming the boundary or a portion of the boundary of a 
solid, those sides of the bounding planes which lie outside of 
the body are conventionally taken to be positive. The vec- 
tors which represent the faces of solids are always directed 
out from the solid, not into it 

4 
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Theorem S : The vector which represents a closed polyhedral 
surface is zero. 

This may be proved by means of certain considerations of 
hydrostatics. Suppose the polyhedron drawn in a body of 
fluid assumed to be free from all external forces, gravity in- 
cluded.^ The fluid is in equilibrium under its own internal 
pressures. The portion of the fluid bounded by the closed 
surface moves neither one way nor the other. Upon each face 
of the surface the fluid exerts a definite force proportional 
to the area of the face and normal to it. The resultant of all 
these forces must be zero, as the fluid is in equilibrium. Hence 
the sum of all the vector areas in the closed surface is zero. 

The proof may be given in a purely geometric manner. 
Consider the orthogonal projection of the closed surface upon 
any plane. This consists of a dovhle area. The part of the 
surface farthest from the plane projects into positive area ; 
the part nearest the plane, into negative area. Thus the 
surface projects into a certain portion of the plane which is 
covered twice, once with positive area and once with negative. 
These cancel each other. Hence the total projection of a 
closed surface upon a plane (if taken with regard to sign) is 
zero. But by theorem 1 the projection of an area upon a 
plane is equal to the component of the vector representing 
that area in the direction perpendicular to that plane. Hence 
the vector which represents a closed surface has no component 
along the line perpendicular to the plane of projection. This, 
however, was any plane whatsoever. Hence the vector is 
zero. 

The theorem has been proved for the case in which the 
closed sur&ce consists of planes. In case that surface be 



^ Soeh a stiito of alEain k rMdiMd to all paetieal purposes in tbe case of a 
polyhedron suspended in the atmosphere and oonseqnentlj subjected to atmos- 
plienc piessare. The f otoe of graTi^ acts but is counterbalanced bj the tensioa 
in the SQiqwndin|^ strin|^. 
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curved it may be regarded as the limit of a polyhedral surface 
whose number of faces increases without limit Hence the 
vector which represents any closed surface polyhedral or 
curved is zero. If the surface be not closed but be curved it 
may be represented by a vector just as if it were polyhedral. 
That vector is the limit ^ approached by the vector which 
represents that polyhedral surface of which the curved surface 
is the limit when the number of faces becomes indefinitely 
great 

SUMMABY OF CHAPTER I 

A vector is a quantity considered as possessing magnitude 
and direction. Equal vectors possess the same magnitude 
and the same direction. A vector is not altered by shifting it 
parallel to itself. A null or zero vector is one whose mag- 
nitude is zero. To multiply a vector by a positive scalar 
multiply its length by that scalar and leave its direction 
unchanged. To multiply a vector by a negative scalar mul- 
tiply its length by that scalar and reverse its direction. 

Vectors add according to the parallelogram law. To subtract 
a vector reverse its direction and add. Addition, subtrac* 
tion, and multiplication of vectors by a scalar follow the same 
laws as addition, subtraction, and multiplication in ordinary 
algebra. A vector may be resolved into three components 
parallel to any three non-coplanar vectors. This resolution 
can be accomplished in only one way. 

r = a;a + yb + «c. (4) 

The components of equal vectors, parallel to three given 
non-coplanar vectors, are equal, and conversely if the com- 
ponents are equal the vectors are equal. The three unit 
vectors i,],k form a right-handed rectangular system. In 

^ Thiji limit exists and is unique. It is independent of the method in which 
the polyhedral surface approaches the curved surface. 
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terms of them any vector may be expressed by means of the 
Cartesian co-ordinates x, y, z. 

r = a;i + yj + «k. (6) 

Applications. The point which divides a line in a given 
ratio m : n is given by the formula 

p^nA + mB, 

m + n ^ ^ 

The necessary and sufficient condition that a vector equation 
represent a relation independent of the origin is that the sum 
of the scalar coefficients in the equation be zero. Between 
any four vectors there exists an equation with scalar coeffi- 
cients. If the sum of the coefficients is zero the vectors are 
termino-coplanar. If an equation the sum of whose scalar 
coefficients is zero exists between three vectors they are 
termino-coUinear. The center of gravity of a number of 
masses a, &, c • • • situated at the termini of the vectors 
A, B, C • • • supposed to be drawn from a common origin is 
given by the formula 

a A + &B + cC+ • •• 

A vector may be used to denote an area. If the area is 
plane the magnitude of the vector is equal to the magnitude 
of the area, and the direction of the vector is the direction of 
the normal upon the positive side of the plane. The vector 
representing a dosed surface is zero. 

Exercises ok Chapter I 

1. Demonstrate the laws stated in Art 12. 
8. A triangle may be constructed whose sides are parallel 
and equal to the medians of any given triangle. 
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3. The six points in which the three diagonals of a com- 
plete quadrangle ^ meet the pairs of opposite sides lie three 
by three upon four straight lines. 

4. If two triangles are so situated in space that the three 
points of intersection of corresponding sides lie on a line, then 
the lines joining the corresponding vertices pass through a 
common point and conversely. 

5. Given a quadrilateral in space. Find the middle point 
of the line which joins the middle points of the diagonals. 
Find the middle point of the line which joins the middle 
points of two opposite sides. Show that these two points are 
the same and coincide with the center of gravity of a system 
of equal masses placed at the vertices of the quadrilateraL 

6. If two opposite sides of a quadrilateral in space be 
divided proportionally and if two quadrilaterals be formed by 
joining the two points of division, then the centers of gravity 
of these two quadrilaterals lie on a line with the center of 
gravity of the original quadrilateraL By the center of gravity 
is meant the center of gravity of four equal masses placed at 
the vertices. Can this theorem be generalized to the case 
where the masses are not equal? 

7. The bisectors of the angles of a triangle meet in a 
point. 

8. If the edges of a hexahedron meet four by four in three 
points, the four diagonals of the hexahedi*on meet in a point. 
In the special case in which the hexahedron is a parallelopiped 
the three points are at an inlGinite distance. 

9. Prove that the three straight lines through the middle 
points of the sides of any face of a tetrahedron, each parallel 
to the straight line connecting a fixed point P with the mid- 
dle point of the opposite edge of the tetrahedron, meet in a 

1 A complete quadrangle consists of the six straight lines which maj he passed 
through foar points no three of which are collinear. The diagonala are the linea 
which join the points of intersection of pairs of tidee. 
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point E and that this point is such that PE passes throngh 
and is bisected by the center of gravity of the tetrahedron. 

10. Show that without exception there exists one vector 
equation with scalar coefficients between any four given 
vectors A, B, C, D. 

11. Discuss the conditions imposed upon three, four, or 
five vectors if they satisfy two equations the sum of the co- 
efficients in each of which is zero. 



CHAPTER II 

DIBECT AND SKEW PRODUCTS OP VECTOBS 

Products of TitH) Vectors 

27.] The operations of addition, subtraction, and scalar 
multiplication have been defined for vectors in the way 
suggested by physics and have been employed in a few 
applications. It now becomes necessary to introduce two 
new combinations of vectors. These will be called prodttcts 
because they obey the fundamental law of products; i. «., the 
distributive law which states that the product of A into the 
sum of B and C is equal to the sum of the products of A into 
B and A into C. 

Definition : The direct product of two vectors A and B is 
the scalar quantity obtained by multipljdng the product of 
the magnitudes of the vectors by the cosine of the angle be- 
tween them. 

The direct product is denoted by writing the two vectors 
with a dot between them as 

A*B. 

This is read Kdot 'A and therefore may often be called the 
dot product instead of the direct product It is also called 
the scalar product owing to the fact that its value is sca- 
lar. If ^ be the magnitude of A and B that of B, then by 

definition 

A.B = ^5cos(A,B). (1) 

Obviously the direct product follows the commutative law 

A*B = B*A. (2) 
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If either vector be multiplied by a scalar the product is 
multiplied by that scalar. That is 

(a; A ) • B = A • (a; B) = a; ( A • B). 

In case the two vectors A and B are coUinear the angle be- 
tween them becomes zero or one hundred and eighty degrees 
and its cosine is therefore equal to unity with the positive or 
negative sign. Hence the scalar product of two parallel 
vectors is numerically equal to the product of their lengths. 
The sign of the product is positive when the directions of the 
vectors are the same, negative when they are opposite. The 
product of a vector by itself is therefore equal to the square 

of its length 

A.A=^». (8) 

Consequently if the product of a vector by itself vanish the 
vector is a null vector. 

In case the two vectors A and B are perpendicular the 
angle between them becomes plus or minus ninety degrees 
and the cosine vanishes. Hence the product A • B vanishes. 
Conversely if the scalar product A • B vanishes, then 

^ 5 cos (A, B) = 0. 

Hence either ^ or £ or cos (A, B) is zero, and either the 
vectors are perpendicular or one of them is null. Thus the 
condition for the perpendicularity of two vectors, neither of 
which vanishes, ts A • B = 0. 

28.] The scalar products of the three fundamental unit 
vectors i, j, k are evidently 

i.i = j.j = k.k = l, (4) 

i.j = i.k = k.i = 0. 

If more generally a and b are any two unit vectors the 

product 

a • b = cos (a, b). 
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29.] The scalar or direct product follows the distributive 
law of multiplication. That is 

(A + B) .C = A*C + B*C. (6) 

This may be proved by means of projections. Let C be equal 
to its magnitude C multiplied by a unit vector c in its direc- 
tion. To show 

(A + B) . ((7c) = A . ((7c) + B . ((7c) 
or (A + B) • c = A • c + B • 0. 

A • c is the projection of A upon c ; B • c, that of B upon c ; 
(A + B) • c, that of A + B upon c. But the projection of the 
sum A + B is equal to the sum of the projections. Hence 
the relation (6) is proved. By an immediate generalization 

(A + B + ...)-(P + Cl + -.-) = A.P + A*ft+.-- 

+ B.P + B.O + --- (6)' 
+ 

The scalar product may be used just as the product in ordi- 
nary algebra. It has no peculiar difficulties. 

If two vectors A and B are expressed in terms of the 
three unit vectors i, j, k as 

A = ^ii + ^,j + ^3k, 
and B= ^li + ^aj + ^ggk, 

then A.B = (^1 i + A^i + A^Il) . (,B^i + B^\ + B^Y) 

+ A^B^\^x + A^B^\.\ + A^B^\.lL 
+ ^j^jk . j + ^j^jjk.j + ^3 ^3 k. t 

By means of (4) this reduces to 

A. B = ^1 jBj + ^ jBj, + A^B^. (7) 

If in particular A and B are unit vectors, their components 
A^^A^^A^ and B^^B^yB^ are the direction cosines of the 
lines A and B referred to JT, 7, Z. 
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A^ = COB (A, -T), A^ = cos (A, F), A^ = cos (A, Z)^ 
J?i = cos(B,^, 53 = cos(B, r), 58 = c^(^i^- 

Moreover A • B is the cosine of the included angle. Hence 
the equation becomes 

cos (A,B) = cos (A, X) cos (B, X) + cos (A, F) cos (B, Y) 

+ cos(A,^ cos (B,^). 

In case A and B are perpendicular this reduces to the well- 
known relation 

= cos (A,X) cos (B, X) + cos (A, 7) cos (B, F) 

+ cos (A,-Z) cos (B,Z) 

between the direction cosines of the 
line A and the line B. 

30.] If A and B are two sides OA 
and OjS of a triangle OAB^ the third o~ 
side ^5 is C = B - A (Fig. 17). ^^' ^^• 

C.C = (B-A)* (B-A) = B*B + A*A-2A*B 

or (72 = A2+5a-2^5cos(AB). 

That is, the square of one side of a triangle is equal to the 
sum of the squares of the other two sides diminished by twice 
their product times the cosine of the angle between them. 
Or, the square of one side of a triangle is equal to the sum of 
the squares of the other two sides diminished by twice the 
product of either of those sides by the projection of the other 
upon it — the generalized Pythagorean theorem. 

If A and B are two sides of a parallelogram, C = A + B 
and D = A — B are the diagonals. Then 

0.0 = (A + B)-(A + B) = A.A + 2A.B + B.B, 
D«D = (A-B).(A-B)=A«A-2A«B + B«B, 
C*0 + D*D = 2(A*A + B«B)» 
or (7a + 2?* = 2(^« + -B«). 
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That is, the sum of the squares of the diagonals of a parallelo- 
gram is equal to twice the sum of the squares of two sides. 
In like manner also 

C*C-D«D = 4A«B 

or (72 - 2>a = 4 ^ 5 cos (A,B). 

That is, the difference of the squares of the diagonals of a 
parallelogram is equal to four times the product of one of the 
sides by the projection of the other upon it. 
If A is any vector expressed in terms of i, j, k as 

A = ^ii + ^aj + ^3k, 
then A*A = A^ = A^^ + A^^ + A^^ (8) 

But if A be expressed in terms of any three non-coplanar unit 
vectors a, b, c as 

A= aa + 6b + cc, 
A«A = -42 = a2a«a + 6*b-b + c2c»c+ 2a5a*b 

+ ibd'O + 2 ca e*9L 
^a=:aa+6a + ca + 2a6cos (a,b)+ 26ccos (b,c) 

+ 2 ca cos (c,a). 

This formula is analogous to the one in Cartesian geometry 
which gives the distance between two points referred to 
oblique axes. If the points be a^^, y^^ ^i' ^^^ ^v Vv ^% ^^ 
distance squared is 

+ 2 (rca - rci) (y^ - y{) cos (X, Y) 
+ 2 (ya- yi) («a - ^i) cos (F, Z) 
+ 2 (^2 — ^i) (ajj — x^ cos (^,X). 

81.] Definition: The skew product of the vector A into 
the vector B is the vector quantity C whose direction is the 
normal upon that side of the plane of A and B on which 
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rotation from A to B through an angle of less than one 
hundred and eighty degrees appears positive or counter- 
clockwise ; and whose magnitude is obtained by multiplying 
the product of the magnitudes of A and B by the sine of the 
angle from A to B. 

The direction of A x B may also be defined as that in 
which an ordinary right-handed 
screw advances as it turns so as 
to carry A toward B (Fig. 18). 

The skew product is denoted by 
a cross as the direct product was 
by a dot It is written Fig. 18. ** 

C = AxB 

and read A cross B. For this reason it is often called the cross 
product. More frequently, however, it is called the vector prod- 
uct, owing to the fact that it is a vector quantity and in con- 
trast with the direct or scalar product whose value is scalar. 
The vector product is by definition 

C = A X B = -4 5 sin (A,B) c, (9) 

when A and B are the magnitudes of A and B respectively and 
where c is a unit vector in the direction of C. In case A and 
B are unit vectors the skew product A x B reduces to the 
unit vector c multiplied by the sine of the angle from A to B. 
Obviously also if either vector A or B is multiplied by a scalar 
X their product is multiplied by that scalar. 

(a; A) X B = Ax (a:B) =xC. 

If A and B are parallel the angle between them is either zero 
or one hundred and eighty degrees. In either case the sine 
vanishes and consequently the vector product A x B is a null 
vector. And conversely if A X B is zero 

^5 sin (A,B) = 0. 
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Hence -4 or jB or sin (A, B) is zero. Thus the condition for 
parallelism of tvx) vectors neither of which vanishes is A X B 
= 0. As a corollary the vector product of any vector into 
itself vanishes. 

32.] The vector product of two vectors will appear wher- 
ever the sine of the included angle is of importance, just as 
the scalar product did in the case of the cosine. The two prod- 
ucts are in a certain sense complementary. They have been 
denoted by the two common signs of multiplication, the dot 
and the cross. In vector analysis they occupy the place held 
by the trigonometric functions of scalar analysis. They are 
at the same time amenable to algebraic treatment, as will be 
seen later. At present a few uses of the vector product may 
be cited. 

If A and B (Fig. 18) are the two adjacent sides of a parallel- 
ogram the vector product 

C = AxB = -4jBsin(A.B)c 

represents the area of that parallelogram in magnitude and 
direction (Art. 25). This geometric representation of A x B 
is of such common occurrence and importance that it might 
well be taken as the definition of the product. From it the 
trigonometric definition follows at once. The vector product 
appears in mechanics in connection with couples. If A and 
— A are two forces forming a couple, the moment of the 
couple is A X B provided only that B is a vector drawn from 
any point of A to any point of — A. The product makes its 
appearance again in considering the velocities of the individ- 
ual particles of a body which is rotating with an angular ve- 
locity given in magnitude and direction by A. If B be the 
radius vector drawn from any point of the axis of rotation A 
the product A x E will give the velocity of the extremity of 
B (Art. 51). This velocity is perpendicular alike to the axis 
of rotation and to the radius vector B. 
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33.] The vector products A X B and B X A are not the 

same. They are in fact the negatives of each other. For if 

rotation from A to B appear positive on one side of the plane 

of A and B, rotation from B to A will appear positive on the 

other. Hence A x B is the normal to the plane of A and B 

upon that side opposite to the one upon which B x A is the 

normal. The magnitudes of A x B and B x A are the same. 

Hence 

AxB = -BxA. (10) 

The factors in a vector prodttct can be interchanged if and only 
if the sign of the product be reversed. 

This is the first instance in which the laws of operation in 
vector analysis differ essentially from those of scalar analy- 
sis. It may be that at first this change of sign which must 
accompany the interchange of factors in a vector product will 
give rise to some difficulty and confusion. Changes similar to 
tliis are, however, very familiar. No one would think of inter- 
changing the order of x and y in the expression sin (x — y) 
without prefixing the negative sign to the result. Thus 

sin (y — a;) = — sin (x — y), 

although the sign is not required for the case of the cosine. 

cos (y -- x^ = cos ( « — y). 

Again if the cyclic order of the letters ABC in the area of a 

triangle be changed, the area will be changed in sign (Art. 

25). 

ABC^-ACB. 

In the same manner this reversal of sign, which occurs 
when the order of the factors in a vector product is reversed, 
will appear after a little practice and acquaintance just as 
natural and convenient as it is necessary. 

34.] The distributive law of multiplication holds in the 
case of vector products just as in ordinary algebra — except 
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that the order of the factors must he carefully maintained 
^hen expanding. 

(A + B)xC = AxO + BxC. (11) 



t^l*^'N 



TT 



/ 



/ 



/ 



v-U+*> 




A very simple proof may be given by making use of the ideas 
developed in Art. 26. Suppose that C 
is not coplanar with A and B. Let A 
and B be two sides of a triangle taken 
in order. Then — (A + B) will be the 
third side (Fig. 19). Form the prism 
of which this triangle is the base and 
of which C is the slant height or edge. 
The areas of the lateral faces of this 
prism are 

A X C, B X 0, - (A + B) X a 

The areas of the bases are 



4 

Fio. 19. 



|(AxB) and-i(AxB). 



But the sum of all the faces of the prism iis^zero; for the 
prism is a closed surface. Hence 

AxC + BxC-(A + B)xO + |(AxB)-5(AxB) = 0, 

AxO + BxC-(A + B)xO = 0, 

or A X C + B X C = (A + B) X C. (11) 

The relation is therefore proved in case C is non-coplanar 
with A and B. Should C be coplanar with A and B, choose D, 
any vector out of that plane. Then + D also will lie out of 
that plane. Hence by (11) 

A X (0 + D) + B X (0 + D) = (A + B) X (0 + D). 

Since the three vectors in each set A, C, D, and B, C, D, and 
A + B) C, D will be non-coplanar if D is properly chosen, the 
products may be expanded. 
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AxC+AxD+BxC+BxD 

= (A + B) X C + (A + B) X D. 
But by (11) AxD + BxD=(A + B)xD. 
Hence AxC + BxC=(A + B)xC. 

This completes the demonstration. The distributiye law holds 
for a vector product. ' The generalization is immediate. 

(A + B+...)x(P + + ..)=AxP + AxO + -- (liy 

+ B X P + B X 0+ .•• 

+ 

35.] The vector products of the three unit vectors i, j, k are 

easily seen by means of Art. 17 to be 

ixi = jxj = kxk = 0, 

ixj = -jxi = k, 02) 

j xk = -kxj = i, 
kxi = -ixk=j. 

The skew product of two equal ^ vectors of the system i, j, k 
is zero. The product of two unequal vectors is the third taken 
with the positive sign if the vectors follow in the cyclic order 
i j k but with the negative sign if they do not. 

If two vectors A and B are expressed in terms of i, j, k, 
their vector product may be found by expanding according 
to the distributive law and substituting. 

A = ^ii+^J + ^8k, 

B = 5ii + 5J + 53k, 

A X B = (-4i i + ^J + ^jk) X (5ii + B^i + B^k) 

= A^B^i X i + A^B^i X i + A^B^i X iL 

+ A^B^j X i + A^B^j xj + A^B^jxk, 

+ ^8^^ X i + A^B^k xj + A^B^k x k. 

Hence A x B = (A^B^ - A^B^i+ (A^B^ - -^i^a) J 

+ (^1 B^ - A^ 5,) k. 

^ This foUows also from the fact that the sign is changed when the order of 
faetoii is rereised. Hence JXJ = -JXj = 0. 
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This may be written in the form of a determinant as 

1 j k 

AxB = 



^1 



B. 



B, 



The formnlsB for the sine and cosine of the snm or dif- 
ference of two angles follow immediately from the dot and 
cross products. Let a and b be two unit vectors lying in the 
1 j-plane. If a; be the angle that a makes with i, and y the 
angle b makes with i, then 

a = cos a; i + sin a; j, 
b = cos y i + sin y j, 
a • b = cos (a, b) = cos (y — a;)^ 
a • b = cos X cos y + sin ^ sin y. 
cos (y — «) = cos y cos a: + sin y sin a?, 
b' = cos y i — sin y j, 
a • b' = cos (a, b') = cos (y + x). 
cos (y + a?) = cos y cos a; — sin y sin «:• 

a X b = k sin (a, b) = k sin (y — a;), 
a X b = k (sin y cos a; — sin ar cos y). 
sin (y — a?) = sin y cos a; — sin a; cos y. 

a X b' = k sin (a, b') = k sin (y + a?), 
a X b' = k (sin y cos a? + sin a? cos y). 
sin (y + aj) = sin y cos a? + sin a; cos y. 



Hence 
If 

Hence 



Hence 



Hence 



If {9 m, n and /', m\ n' are the direction cosines of two 
unit vectors a and a' referred to Xj F, Z, then 

a = n + m] + tik, 
a' = /'i + m'j + n'k, 
9L • 9l' = cos (tif ti'^ = I V + m m' + nn\ 

as has already been shown in Art. 29. The familiar formula 
for the square of the sine of the angle between a and a' may 
be found. 
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a X a' = sin (a, a') e = (m w' - m' n) i + (w Z' - n' I) j 

where e is a unit vector peipendicnlar to a and a^ 

(a X a') . (a X aO = sin^ (a, a') e • e = sin^ (a, a^)- 
8in«(a,a') = (^<-^'»)*+ {nV--n' l)^ +(lm' -l'm)\ 
This leads to an easy way of establishing the useful identity 

(mw'- m'7i)« + (tiZ' - ti'O* + (I'm' -- V my 
= (Za + ma + 7i2) (Z'a + m'^ + n'^) = (Z Z' + mm' + nn'y. 

Products of More than Two Vectors 

36.] Up to this point nothing has been said concerning 
products in which the number of vectors is greater than 
two. If three vectors are combined into a product the result 
is called a triple product Next to the simple products 
A*B and AxB the triple products are the most important. 
All higher products may be reduced to them. 

The simplest triple product is formed by multiplying the 
scalar product of two vectors A and B into a third C as 

(A«B) a 

This in reality does not differ essentially from scalar multi- 
plication (Art. 6). The scalar in this case merely happens to 
be the scalar product of the two vectors A and B. Moreover 
inasmuch as two vectors cannot stand side by side in the 
form of a product as BC without either a dot or a cross to 
unite them, the parenthesis in (A*B) C is superfluous. The 
expression ^.jq 

cannot be interpreted in any other way ^ than as the product 
of the vector C by the scalar A«B. 

1 Later (Chap. V.) the product BO, where no sign either dot or cross oocnxs, 
wQl be defined. But it will be seen there that (A«B) C and A* (BO) are identical 
a&d oonaeqnentlj no ambigiiit3r can arise from the omission of the parenthesis. 




I 



68 VECTOR ANALYSIS 

37.] The second triple product is the scalar product of 
two vectors, of which one is itself a vector product, as 

A*(BxC) or (AxB>C. 

This sort of product has a scalar value and consequently is 

often called the scalar triple prod- 
uct. Its properties are perhaps most 
easily deduced from its commonest 
geometiical interpretation. Let A, B, 
and C be any three vectors drawn 
from the same origin (Fig. 20). 
Then BxC is the area of the par- 
allelogram of which B and C are two adjacent sides. The 

«^^^^^ A.(BxC) = i; (14) 

will therefore be the volume of the parallelepiped of which 
BxC is the base and A the slant height or edge. See Art. 28. 
This volume v is positive if A and B x C lie upon the same 
side of the BC-plane; but negative if they lie on opposite 
sides. In other words if A, B, C form a right-handed or 
positive system of three vectors the scalar A«(BxC) is posi- 
tive; but if they form a left-handed or negative system, it 
is negative. 

In case A, B, and C are coplanar this volume will be 
neither positive nor negative but zero. And conversely if 
the volume is zero the three edges A, B, C of the parallelo- 
piped must lie in one plane. Hence the necessary and suffix 
dent condition for the coplanarity of three vectors A, B, C none 
of which vanishes is A«(BxC) = 0. As a corollary the scalar 
triple product of three vectors of which two are equal or 
coUinear must vanish ; for any two vectors are coplanar. 

The two products A«(BxC) and (AxB)*C ate equal to the 

same volume v of the parallelopiped whose concurrent edges 

are A, B, C. The sign of the volume is the same in both 

cases- Hence /. «v #• m /■« /*\ /i^v 

(AxB)«C = A«(BxC) =5 «L (14) 
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This equality may be stated as a rule of operation. The dot 
and the cross in a scalar triple prodtict may be interchanged 
without altering the value of the product. 

It may aLso be seen that the vectors A, B, C may be per- 
muted cyclicly without altering the product. 

A.(BxC) = B.(CxA) = C.(AxB). (16) 

For each of the expressions gives the volume of the same 
parallelopiped and that volume will have in each case the 
same sign, because if A is upon the positive side of the B C- 
plane, B will be on the positive side of the C A-plane and C 
upon the positive side of the A B-plane. The triple product 
may therefore have any one of six equivalent forms 

A.(BxC) = B.(CxA) = C.(AxB) (16)' 

= (AxB).C = (BxC).A = (CxA).B. 

If however the cyclic order of the letters is changed the 
product will change sign. 

A.(BxC) = - A<CxB). (16) 

This may be seen from the figure or from the fact that 

BxC = — CxB. 

Hence : A scalar triple prodtict is not altered by interchanging 
the dot or the cross or by permuting cyclicly the order of the 
vectors^ but it is reversed in sign if the cyclic order be changed. 

38.] A word is necessary upon the subject of parentheses 
in this triple product. Can they be omitted without am- 
biguity? They can. The expression 

A*BxC 

can have only the one interpretation 

A.(BxC). 

For the expression (A«B)xC is meaningless. It is impos- 
sible to form the skew product of a scalar A«B and a vector 
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C. Hence as there is only one way in which A«BxC may 
be interpreted, no confusion can arise from omitting the 
parentheses. Furtheimore owing to the fact that there are 
six scalar triple products of A, B, and C which have the same 
value and are consequently generally not worth distinguish- 
ing the one from another, it is often convenient to use the 

symbol 

[ABC] 



(15/ 



to denote any one of the six equal products. 

[A B C] = A.BXC = B.CxA = C-AxB 
= AxB«C = BxC*A = CxA*B 

then [ABC]=-[ACB]. (16/ 

The scalar triple products of the three unit vectors i, j, k 
all vanish except the two which contain the three different 
vectors. 

[ijk] = -[ikj] = l. (17) 

Hence if three vectors A, B, C be expressed in terms of i, j, k 
as 

A = ^ii + ^,j + ^,k, 

B = 5ii+5,j + 5,k, 
C = (7ii+CiJ + (7,k, 
then [ABC] = A^ 5, C, + B^ C, A^ + C^ A^ 5, 

-A^B^C^^B^C^A^-^C^A^B^. ^ ^ 

This may be obtained by actually performing the multiplica- 
tions which are indicated in the triple product The result 
may be written in the form of a determinant.^ 

-^1 -^a -^8 
[A B C] = B^ B^ 5, (18)' 



^1 


^. 


A 


^ 


^, 


St 


Ci 


c. 


Ct 




^ Thia is tlie formiilm giTen in solid mnaljtic geometry for the Toihime of % 
tetrahednm one ol wliose Tvrtioes is at the origin. For n more general formula 
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If more generally A, B, C are expressed in terms of any three 

non-coplanar vectors a, b, e which are not necessarily unit 

vectois, 

A = a^ a + a, b + ^3 e 

B = 61 a + 6, b + 63 c 

C = c^ a + c, b + «8 ^ 
where a^ a^ a^; &p h^ l^; and c^ c^^ c, are certain con- 
stants, then 

[A B C] = (a^ \ (?3 + \ Ca a^ + c^ a^ i, 

— «! 63 Ca — *i ^8 ^a — «i ^B *a) [* b c]. ^ 



or [A B C] = 



^1 *1 ^8 

*i *a *8 



[a be] (19y 



1 ^2 ^8 

39.] The third type of triple product is the vector product 

of two vectors of which one is itself a vector product Such 

are 

Ax(BxC) and (AxB)xC. 

The vector Ax(BxC) is peipendicular to A and to (BxO). 
But (BxC) is perpendicular to the plane of B and C. Hence 
Ax(BxC), being perpendicular to (BxC) must lie in the 
plane of B and C and thus take the form 

Ax(BxC) = a? B + y C, 

where x and y are two scalars. In like manner also the 
vector (AxB)xC, being perpendicular to (AxB) must lie 
in the plane of A and B. Hence it will be of the form 

(AxB)xC = m A + n B 

where m and n are two scalars. From this it is evident that 

in general 

(AxB)xC 18 not eqiicU to Ax (BxC). 

The parentheses therefore cannot be removed or inter- 
changed. It is essential to know which cross product is 
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formed first and which second. This product is termed the 
vector triple product in contrast to the scalar triple product 

The vector triple product may be used to express that com- 
ponerU of a vector B which is perpendicular to a given vector 
A. This geometric use of the product is valuable not only in 

itself but for the light it sheds 
upon the properties of the product 
Let A (Fig. 21) be a given vector 
and B another vector whose com- 
ponents parallel and perpendicular 
/ jf ^AtoAaretobe found. Let the 

/ components of B parallel and per- 

/ax (AXB) pendicular to A be B'and B" re- 

Fio 21. spectively. Draw A and B from a 

common origin. The product AxB 
is perpendicular to the plane of A and B. The product 
Ax (AxB) lies in the plane of A and B. It is furthermore 
perpendicular to A. Hence it is collinear with B". An 
examination of the figure will show that the direction of 
Ax (AxB) is opposite to that of B". Hence 

Ax(AxB) = -cB", 
where c is some scalar constant 
Now Ax(AxB) = - iia 5 sin (A, B) V' 

but - (?B" =- e B sin (A, B) b", 

if b" be a unit vector in the direction of B", 
Hence c = -4^ = A«A. 

Hence b" = -^^^^^. (20) 

The component of B perpendicular to A has been expressed 
in terms of the vector triple product of A, A, and B. The 
component B' parallel to A was found in Art 28 to be 
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A*B 

« «# «» A'B . Ax(AxB) ,^^^ 

40.] The vector triple product Ax (BxC) may be expressed 
as the sum of two terms as 

Ax (BxC) = A.C B - A-B C 

In the first place consider the product when two of the 
vectors are the same. By equation (22) 

A-A B = A-B A - Ax(AxB) (22) 

or Ax(AxB) = A^B A - A-A B (28) 

This proves the formula in case two vectors are the same. 
To prove it in general express A in terms of the three 
non-coplanar vectors B, C, and BxC. 

A = 6B + cC + a (BxC), (I) 

where a, 6, c are scalar constants. Then 

Ax(BxC) = 6 Bx(BxC) + c Cx (BxC) (11) 

+ a (BxC)x(BxC). 

Hie vector product of any vector by itself is zero. Hence 

(BxC)x(BxC) = 
Ax(BxC) = 6Bx(BxC) + c Cx(BxC). (II)' 

By (28) Bx(BxC) = B-C B - B-B C 

Cx(BxC) = - Cx(CxB) = - C-B C + C-C B. 
Hence Ax (BxC) = [(6B.C + cC.C)B- (6B.B + cC.B)C]. (11)" 
But from (I) A*B = &B*B + cC^B + a (BxC)«B 
and A«C = h B«C + c C*C + a (BxC)«C. 

By Art 87 (BxC).B = and (BxC).C = 0. 
Hence A«B = (B«B + cC-B, 

A«C = &B«C + eC«C. 
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Substituting these values in (II)", 

Ax(BxC) = A^C B - A-B C. (24) 

The relation is therefore proved for any three vectors A, B, C. 
Another method of giving the demonstration is as follows. 
It was shown that the vector triple product Ax(BxC) was 
of the form 

Ax(BxC) = a;B + yC. 

Since Ax(AxC) is perpendicular to A, the direct product of 
it by A is zera Hence 

A.[Ax(BxC)] = jrA.B + yA-C = 
and z :y =• A*C : ~ A«B. 

Hence Ax(BxC) = n (A*C B — A*B C), 

where n is a scalar constant. It remains to show n = 1. 
Multiply by B. 

Ax(BxC>B = n (A-C B^B - A«B C*B). 

The scalar triple product allows an interchange of dot and 
cross. Hence 

Ax(BxC).B = A.(BxC)xB = - A.[Bx(BxC)], 

if the order of the factors (BxC) and B be inverted. 

- A.[Bx(BxC)] = - A .[B.C B - B.B C] 
= — B-C A*B + B«B A*C. 
Hence n = 1 and Ax(BxC) = A«C B - A*B C. (24) 

From the throe letters A, B, C by different arrangements, 
four allied products in each of which B and C are included in 
parentheses may be formed. These are 

Ax(BxC), Ax(CxB), (CxB)xA, (BxC)xA. 

As a vector product changes its sign whenever the order of 
two &ctoi8 is interchanged, the above products evidently 
satisfy the equations 

Ax (BxC) = - Ax(CxB) = (CxB)xA = - (BxC)xA. 
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The expaosion for a vector triple product in which the 
parenthesis comes first may therefore be obtained directly 
from that already found when the parenthesis comes last 

(AxB)xC = - Cx(AxB) = - C-B A + C-A B. 

The formulae then become 

Ax(BxC) = A.C B - A-B C (24) 

and (AxB)xC = A-C B - CB A. (24/ 

These reduction formulae are of such constant occurrence and 
great importance that they should be committed to memory. 
Their content may be stated in the following rule. To expand 
a vector triple product first multiply the exterior factor into the 
remoter term in the parenthesis to form a scalar coeffici^iit for 
the nearer one, then multiply the exterior factor into the nearer 
term in the parenthesis to form a scalar coefficient for the 
remoter one, and subtract this result from the first, 

41.] As far as the practical applications of vector analysis 
are concerned, one can generally get along without any 
formulae more complicated than that for the vector triple 
product. But it is frequently more convenient to have at 
hand other reduction formulae of which all may be derived 
simply by making use of the expansion for the triple product 
Ax(BxC) and of the rules of operation with the triple pro- 
duct A«BxC. 

To reduce a scalar product of two vectors each of which 
is itself a vector product of two vectors, as 

(AxB).(CxD). 

Let this be regarded as a scalar triple product of the three 
vectors A, B, and CxD — thus 

AxB.(CxD). 
Inteicbange the dot and the cross. 
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AxB.(CxD) = A.Bx(CxD) 

Bx(CxL) = B.D C - B.C D. 

Hence (AxB).(CxD) = A.C B.D - A.L B.C. (26) 

This may be written in determinantal fonn. 

I A«C A'D I ^. . 

(AxB).(CxD) = |j^^ B.l| (''^ 

If A and D be called the extremes ; B and C the means ; A 
and C the antecedents; B and D the consequents in this 
product according to the familiar usage in proportions, then 
the expansion may be stated in words. The scalar product 
of two vector products is equal to the (scalar) product of the 
antecedents times the (scalar) product of the consequents 
diminished by the (scalar) product of the means times the 
(scalar) product of the extremes. 

To reduce a vector product of two vectors each of which 
is itself a vector product of two vectors, as 

(AxB)x(CxD). 

Let CxD = E. The product becomes 

(AxB)xE = A*E B - B-E A 

Substituting the value of E back into the equation : 

(AxB)x(CxD) = (A.CxD)B - (B-CxD) A (26) 

Let F = AxB. The product then becomes 

Fx(CxD) = F.D C-F.C D 
(AxB)x(CxD) = (AxB.D)C - (AxB-C) D. (26)' 

By equating these two equivalent results and transposing 
all the terms to one side of the equation, 

[B C D] A - [C D A] B + [D A B] C - [A B C] D = 0. (27) 

This is an equation with scalar coefficients between the four 
vectors A, B, C, D. There is in general only one such equa- 
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tion, because any one of the vectois can be expressed in only 
one way in terms of the other three : thus the scalar coefiS- 
cients of that equation which exists between four vectors are 
found to be nothing but the four scalar triple products of 
those vectors taken three at a time. The equation may also 
be written in the form 

[A B C D] = [B C D] A + [C A D] B + [A B D] C. (27)' 

More examples of reduction formulae, of which some are 
important, are given among the exercises at the end of the 
chapter. In view of these it becomes fairly obvious that 
the combination of any number of vectors connected in 
any legitimate way by dots and crosses or the product of any 
number of such combinations can be ultimately reduced to 
a sum of terms each of which contains only one cross at most. 
The proof of this theorem depends solely upon analyzing the 
possible combinations of vectors and showing that they all 
fall under the reduction formulae in such a way that the 
crosses may be removed two at a time until not more than 
one remains. 

* 42.] The formulae developed in the foregoing article have 
interesting geometric interpretations. They also afford a 
simple means of deducing the formulsB of Spherical Trigo- 
nometry. These do not occur in the vector analysis proper. 
Their place is taken by the two quadruple products, 

(AxB).(CxD) = A.C B.D - B-C A-D (25) 
and (AxB)x(CxD) = [ACD] B - [BCD] A 

= [ABD] C - [ABC] D, (26) 

which are now to be interpreted. 

Let a unit sphere (Fig. 22) be given. Let the vectors 
A, B, C, D be unit vectors drawn from a common origin, the 
centre of the sphere, and terminating in the surface of the 
sphere at the points A^B^ (7, 2>. The great circular arcs 



78 



VECTOR ANALYSIS 



AByAC^ etc., give the angles between the vectors A and B, 
A and C, etc. The points A^ B^ C^ D determine a quadrilateral 
upon the sphere. A C and BD are one 
pair of opposite sides; AD and BC^ the 
other. A B and CD are the diagonals. 




} 



(AxB).(CxD) = A.C B.D - A-D B-C 

AxB = sin (A,B), CxD = sin(C. D). 

The angle between AxB and CxD is the 
Fio. 22. angle between the normals to the AB- 

and CD-planes. This is the same^as 
the angle between the planes themselves. Let it be denoted 
by X. Then 

(AxB).(CxD) = sin (A,B) sin (C,D) cos*. 

The angles (A, B), (C, D) may be replaced by the great 
circular arcs AB, CD which measure them. Then 

(AxB).(CxD) = sin ^ i? sin CD cos«^ 
A*C B*D — A«D B-C = cos AC cosBD — cos AD cos BC. 

Hence 

sin ^ ^ sin CD oos x = cos A C cob B D — cob AD cos B C. 

In words : The product of the cosines of two opposite sides 
of a spherical quadrilateral less the product of the cosines of 
the other two opposite sides is equal to the product of the 
sines of the diagonals multiplied by the 
cosine of the angle between them. This 
theorem is credited to Gauss. 

Let Ay B, C (Pig. 28) be a spherical tri- 
angle, the sides of which are arcs of great 
circles. Let the sides be denoted by a, &, c 
respectively. Let A, B, C be the unit vectors 
drawn from the center of the sphere to the points A^ B^ (7. 
Furthermore let p^ p^ p^ be the great circular arcs dropped 




Fio. 28. 
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perpendicularly from the vertices Aj B, Cio the sides a, &, e. 
Interpret the formula 

(AxB>(CxA) = A-C B.A - B-C A-A. 

(AxB) = sin (A, B) = sin c, (CxA) = sin (C, A) = sin h. 
Then (AxB)*(CxA) = sin (; sin & cos Xj 

where x is the angle between AxB and CxA. This 

angle is equal to the angle between the plane of A, B and the 

plane of C, A. It is, however, not the interior angle A which 

is one of the angles of the triangle : but it is the exterior 

angle 180^ — ^, as an examination of the figure will show* 

Hence 

(AxB). (CxA) = sin (J sin 6 cos (180*» - A) 

= — sin c sin 6 cos A 

A«C B«A — B*C A«A = cos & cos c — cos a 1. 

By equating the results and transposing, 

cos a = cos h cos (; — sin ( sine cos^ 
cos & = cos c cos a — sin c sin a cos ^ 
cos e = cos a cos 6 — sin a sin & cos (7. 

The last two may be obtained by cyclic permutation of the 
letters or from the identities 

(BxC).(AxB) = B«A C«B - C«A, 
(CxA).(BxC) = C-B A.C - B-C. 

Next interpret the identity (AxB)x(CxD) in the special 
cases in which one of the vectors is repeated. 

(AxB)x(AxC) = [A B C] A. 

Let the three vectors a, b, e be unit vectors in the direction of 
BxO, CxA, AxB respectively. Then 

AxB = e sin c, AxC = — b sin & 

(AxB)x(AxC) = — oxb sin e sin ( = A sin c sin ( sin A 
[A B C] = (AxB).C = c«C sin c = cos (90'' — jp,) sin e 
[AB C] A s= sin e sin p^ A. 
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By equating the reeults and cancelling the common factor, 

sin j7« = sin & sin ^ 
sin j?^ = sin c sin jS 
sin j75=:sin a sin C. 

The last two may be obtained by cyclic permutation of the 

letters. The formulad give the sines of the altitudes of the 

triangle in terms of the sines of the angle and sides. Again 

write 

(AxB)x(AxC) = [AB C] A 

(BxC)x(BxA) = [BCA]B 

(CxA)x(CxB) = [CAB] 0- 

Hence sin sin & sin ^ = [A B C] 

sin a sin sin jS = [B C A] 
sin & sin a sin (7 = [C A B]. 

The expressions [ABC], [BCA], [CAB] are equaL Equate 
the results in pairs and the formulse 

sin & sin ^ =: sin a sin £ 
sin e sin jS = sin i sin 67 
8inasin(7 = 8inesinii 

are obtained. These may be written in a single line. 

sin ^ sin f sin £7 
sina sinft sine 

The formulae of Plane Trigcoiometry are eyen more easy to 
obtain. It A B Che 9^ triangle, the sum of the sides taken 
as yectoxs is zero— for the triangle is a closed polygon. 

Fkom this equation 

a + b + e=:0 

almost all the elementary formulse follow immediately. It 
is to be noticed that the angles from a to ¥, from b to c^ from 
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e to a are not the interior angles A^ B^ C^ but the exterior 
angles 180^ -^, ISQo - B, 180^ - C. 

~a=b+e 

a*a = (b + c)«(b + c) = b«b + c»c + 2 b«c 

If a, &, c be the length of the sides a, b, o, this becomes 

a* = 6« + c2 - 2 6 c cos ^ 
62 = (.2 + a^ — 2cacos-» 
c* = a2 4- 6* - 2 a 6 cos a 

The last two are obtained in a manner similar to the first 
one or by cyclic permutation of the letters. 
The area of the triangle is 

^alwiC^^hc sin-4 =2casin-R 

If each of the last three equalities be divided by the product 
^ a 6 c, the fundamental relation 

sin -4 _ sin -B __ sin C 
a b e 

is obtained. Another formula for the area may be found from 

the product 

(bxc)«(bxc) = (cxa)»(axb) 

2 Area (6 c sin -4) = (c a sin B) (alsiaCT) 

a' sin i? sin C 



2 Area = • 



sin^ 



Reciprocal Systems of Three Vectors. Solution of Equations 

43.] The problem of expressing any vector r in terms of 
three non-coplanar vectors a, b, e may be solved as follows. 

Let 

r = aa + 6b + cc 
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where a, ft, e are three scalar constants to be determined. 
Multiply by • b X c. 

r*bxe = a a*bxo + h b*bxe + co*bxe 
or [rbc] =a [abc]. 

In like manner by multiplying the equation by • e x a and 
• a X b the coefficients h and c may be found. 

[r c a] = J [b c a] 
[rab] =c [cab] 

Henoe r= [^^a + ^, b+ tiMc (28) 

[abc] [bca] [cab] 

The denominators are all equal. Hence this giyes the 
equation 

[ab c]r - [b cr] a + [era] b - [rab] c = 

which must exist between the four vectors r, % b» c 
The equation may also be written 

r«b X c r«c x a. r«a x b 
[abc] [abc] [abc] 

bxo cxa. axb 

^^ r = r. r , - a + r* . - b + r* . - c 

[abc] [abc] [abc] 

The three vectors which appear here multiplied by r*, namely 
bxc cxa axb 



\ 



[abc] [abc] [abc] 

are very important. They are perpendicular respectively to 
the planes of b and o, c and a, a and b. They occur over and 
over again in a large number of important relations. For 
this reason they merit a distinctive name and notation. 
Definition : The system of three vectors 

b X e ^ cxa axb 
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which are found by dividing the three vector products b x o, 
e X a, a X b of three no7ir<oplanar vectors a, b, e by the scalar 
product [a b e] is called the reciprocal system to a, b, e. 

The word non-coplanar is important. If a, b, e were co- 
planar the scalar triple product [a b e] would vanish and 
consequently the fractions 

bxe exa axb 



[abe] [abo] [a bo] 

would all become meaningless. Three coplanar vectors have 
no reciprocal system. This must be carefully remembered. 
Hereafter when the term reciprocal system is used, it will be 
understood that the three vectors a, b, e are not coplanar. 
The system of three vectors reciprocal to system a, b» e 
will be denoted by primes as a', b', e\ 

bxe ^, cxa , axb (29) 



V = ;^4^' c' 



[abc] [abe] [abc] 

The expression for r reduces then to the very simple form 

r = r.a' a + r.b' b + r.c' c. (30) 

The vector r may be expressed in terms of the reciprocal 
system a\ b', o' instead of in terms of a, b, o. In the first 
place it is necessary to note that if a, b, o are non-coplanar, 
a', b', c' which are the normals to the planes of b and o, 
and a, a and b must also be non-coplanar. Hence r may 
be expressed in terms of them by means of proper scalar 
coefficients Xj y, z. 

r = a?a' + yb' + « c' 
or [abe]r = rrb xe + yexa + «axb. 

Multiply successively by -a, -b, •€. This gives 

[a b e] r*a = a; [b a], x = r«a 
[abc] r»b = y [e ab], y = r»b 
[a b o] r»c = « [a b c], « = r»c 
Hence r = r«a a' + r»b b' + r^c c'. (81) 
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41] If a^ b', e' be the system reciprocal to a, b, c the 
scalar product of any yector of the reciprocal system into the 
corresponding vector of the given system is unity; but 
the product of two non-corresponding vectors is zero. That is 

a'.a = b'.b = c'HJ = l (32) 

a^b = a'^o = b'»a = b'^c = c'»a = c'«b = 0. 

This may be seen most easily by expressing a', b', e' in 
terms of themselves according to the formula (31) 

r = r»a a' + r»b b' + r»o o'. 
Hence a' = a^a a' + a'»b b' + a'»c o' 

b' = b'*aa' + b'.bb' + b^oo' 
o' = c'.aa' + c'.b b' + o'.c c'. 

Since a^ b', e' are non-coplanar the corresponding coeffi- 
cients on the two sides of each of these three equations must 
be equal. Hence from the first 

1 = a'.a = a'.b = a' c. 
From the second = b'.a l=b'.b = b'.c. 
From the third = c'.a = o'.b l = o'.o. 

This proves the relations. They may also be proved 
directly from the definitions of a', b', e'. 

. bxc bxc»a [be a] ^ 

[abc] [abo ] [a bo] 

, . b X ^ b X cb 

a^ • D = • b = = ^ 

[abc] [abc] [abo] 

and so forth. 

Conversely if two sets of three vectors each, say A, B, C, 

and a, by e, satisfy the relations 

A*a = B»b = C»c = 1 
A*a = A^c = B^a = B-c = C^a = C«b = 
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then the set A, B, C is the system reciprocal to a, b, o. 
By reasoning similar to that before 

A = A«a a' + A-b b' + A*e c' 
B = B«a a' + B«b b' + B«o o' 
C = C^a a' + C.b b' + C^o o'. 

Substituting in these equations the given relations the re- 

suit is 

A = a', B = b', C = o'. 
Hence 

Theorem : The necessary and sufficient conditions that the 

set of vectors a', b', o' be the reciprocals of a, b, o is that 

they satisfy the equations 

a'.a = b'.b = c'.c = l (32) 

a'.b = a'.o = b'.a = b'.c = c'.a = c'.b = 0. 

As these equations are perfectly symmetrical with respect 
to a', b', o' and a, b, o it is evident that the system a, b, e may 
be looked upon as the reciprocal of the system a', b', o' just 
as the system a', b', e' may be regarded as the reciprocal of 
a, b, e. That is to say, 

Theorem: If a^ b', o' be the reciprocal system of a, b, o, 
then a, by will be the reciprocal system of a', b', c'. 

_ b^ X e\ c^ X a^ ^ ^ a^ x b\ (29)' 

*""[a'b'c']' [a'b'cQ* ®""[a'b'c']* 

These relations may be demonstrated directly from the 
definitions of a', b', o'. The demonstration is straightfor- 
ward, but rather long and tedious as it depends on compli- 
cated reduction formulae. The proof given above is as short 
as could be desired. The relations between a', b', e' and 
a, b, e are symmetrical and hence if a', b', o' is the reciprocal 
system of a, b, o, then a, b, e must be the reciprocal system of 
a',b',c'. 
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(88) 



45.] Theorem : If a', b', c' and a, b, e be reciprocal systems 
the scalar triple products [a'b' e'] and [a b e] are numerical 
reciprocals. That is 

[a'b'c'] [abc]=l 

L[a*c] [abc] [abc]J 

[abc]**- 
[bxe cxa axb] = (bxc)x(cxaHaxb). 

(bxc)x(cxa) = [abc]c. 
[bxc cxa axb] = [abc] c»axb= [abc]^. 



But 
Hence 

Hence 



[»''»'«']=r;:K;;i-8[»^«]'= 



(38)' 



[abc]"- ■• [abo] 
By means of this relation between [a' b' o'] and [a b o] it 



is possiUe to prove an important reduction formula, 

p.A P.B P.C 

(P.axE)(A.BxC) = 



a*A a*B 

B>A B.B 



B.C 



(84) 



which replaces the two scalar triple products by a sum of 
nine terms each of which is the product of three direct pro- 
ducts. Thus the two crosses which occur in the two scalar 
products are remoyed. To give the proof let P, ft, B be 
expressed as 

P = p.A A' + P.B B' + P.C C 
ft = ft.A A' + ft.B B' + ft-C C 
R = B.A A' + B.B B' + B^C C. 

p.A P.B P.C 
ft.A ft.B ft.C 
B.A B.B B.C 



Then 



But 



[POB] = 



[A'B'C]. 
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Hence [PQE][ABC] = 



P.A P*B P*C 
Q^A Q*B Q.C 
S*A S*B B*C 



The tystem of three unit vectors i, j, k is i^ ovm reciprocal 
system. 

For this reason the primes i'9 j\ k' are not needed to denote 
a system of vectors reciprocal to 1, j, k. The primes will 
therefore be used in the future to denote another set of rect- 
angular axes i, J9 k ^ just as X', Z', Z^ are used to denote a 
set of axes different from JT, 7, Z. 

The only systems of three vectors which are their ovm reciprocals 
are the right-handed and leftrhanded systems of three unit 
vectors. That is the system i, j, k and the system i, j, — k. 

Let A, B, C be a set of vectors which is its own reciprocaL 

Then by (82) 

A*A = B.B = C-C = 1. 

Hence the vectors are all unit vectors. 

A*B = A*C = 0. 
Hence A is perpendicular to B and C. 

B^A = B^C = 0. 
Hence B is perpendicular to A and C. 

C.A = C-B = 0. 

Hence C is perpendicular to A and B. 

Hence A, B, C must be a system like i, j, k or like i, j, ~ k. 

* 46.] A scalar equation of the first degree in a vector r is 
an equation in each term of which r occurs not more than 
once. The value of each term must be scalar. As an exam- 
ple of such an equation the following may be giveiL 

a a»bxr + J(cxd)»(6xr) + c f«r + i = 0, 



} 
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wbereft^ h, e^d^^f are known veetois; and €u i^ e^ ct^inawn 
scalftTS. Obrionaly aiif acaiar eqnatian of the fizat degree in. 
an unknown yector r may be lednced to the farm. 

where A ia a known vector; and tSr a known^ scalar. To ac* 

compliBb tbia reeolt in tiie caie of t&e gnrrai equatmn. pcoeeed 

as follows. 

a axb-r -h 6 (exC) xe* -h c f*r -h <i = 

{tf axb-h 6(cx*)xe-h<:5*r = — dL 

In more complicated forms it may be neeeamy to make nse 

of variooa redaction formnlaB beloietiieeqiiatioacanbemade 

to take the desired form^ 

rwA:=€ik 

As a yeetor has three d^rees of freedom it is dear tibat one 
scalar equation is insnffieient to detondne a Teeter. Three 
scalar eqoations are necessary. 

The geometric interpretatioii at ihb equa- 
tion 

xwA = a (36) 

is interesting. Let r be a variable vector 
(Fig. 24) drawn from a fixed origin. Let 
A be a fixed vector drawn &mn the same 
origin. The equation tlien becomes 

T A cos (r,A) = a, 
or rcos(r,A)=— , 

if r be the magnitude of r ; and A Uiat of A. The expression 

r cos (r, A) 

Is the projection of t upon A. The equation therefore states 
that the projection of t upon a certain fixed vector A must 
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always be constant and equal to ajA. Consequently the ter- 
minus of r must trace out a plane perpendicular to the vector 
A at a distance equal to ajA from the origin. The projec- 
tion upon. A of any radius vector drawn from the origin to a 
point of this plane is constant and equal to ajA. This gives 
the following theorem. 

Theorem : A scalar equation in an unknown vector may be 
regarded as the equation of a plane, which is the locus of the 
terminus of the unknown vector if its origin be fixed. 

It is easy to see why three scalar equations in an unknown 
vector determine the vector completely. Each equation de- 
termines a p]ane in which the terminus of r must lie. The 
three planes intersect in one common point. Hence one vec- 
tor r is determined. The analytic solution of three scalar 
equations is extremely easy. If the equations are 

r*A = a 

r.B = I (87) 

r»C = <?, 

it is only necessary to call to mind the formula 

r = r.AA' + r.BB' + r.CC'. 

Hence r = a A' + 6 B' + c C. (88) 

The solution is therefore accomplished. It is expressed in 
terms A', B', C' which is the reciprocal system to A, B, C. One 
caution must however be observed. The vectors A, B, C will 
have no reciprocal system if they are coplanar. Hence the 
solution will fail. In this case, however, the three planes de- 
termined by the three equations will be parallel to a line. 
They will therefore either not intersect (as in the case of the 
lateral faces of a triangular prism) or they will intersect in a 
common line. Hence there will be either no solution for r or 
there will be an infinite number. 



90 VECTOR ANALYSIS 

From four scalar equations 

r*A = a 

r.B = 6 (89) 

r»C = c 

r*D=i 

the vector r may be entirely eliminated. To accomplish this 
solve three of the equations and substitute the value in the 
fourth. 

a A'*D + b B'*D + c C'*D = d 
or a [BCD] + & [CAD] + c [ABD] = d [ABC]. (40) 

* 47.] A vector equation of the first degree in an unknown 
vector is an equation each term of which is a vector quantity 
containing the unknown vector not more than once. Such 
an equation is 

(AxB)x(Cxr) + D Et + 71 r + P =0, 

where A, B, C, D, E, F are known vectors, n a known scalar, 
and r the unknown vector. One such equation may in gen- 
eral be solved for r. That is to say, one vector equation is in 
general sufficient to determine the unknown vector which is 
contained in it to the first degree. 

The method of solving a vector equation is to multiply it 
with a dot successively by three arbitrary known non-coplanar 
vectors. Thus three scalar equations are obtained. These 
may be solved by the methods of the foregoing article. In the 
first place let the equation be 

A a*r + B b«r + C c-r = D, 

where A, B, C, D, a, b, c are known vectors. No scalar coeffi- 
cients are written in the terms, for they may be incorporated in 
the vectors. Multiply the equation successively by A', B', C 
It is understood of course that A, B, C are non-coplanar. 
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a»r = D-A' 

bT = D.B' 

c.r = D»C'. 
But r = a' a«r + b' b«r + o' c»r. 

Hence r = D-A' a' + D-B' b' + D-C </. 

The solution is therefore accomplished in case A, B, C are non- 
coplanar and a, b, e also non-coplanar. The special cases in 
which either of these sets of three yectors is coplanar will not 
be discussed here. 

The most general vector equation of the first degree in an 
unknown vector r contains terms of the types 

Aa*r, nr, Exr, D. 

That is it will contain terms which consist of a known 
vector multiplied by the scalar product of another known vec- 
tor and the unknown vector ; terms which are scalar multi- 
ples of the unknown vector; terms which are the vector 
product of a known and the unknown vector; and constant 
terms. The terms of the type A a*r may always be reduced 
to three in number. For the vectors a, b, o, • • • which are 
multiplied into r may all be expressed in terms of three non- 
coplanar vectors. Hence all the products a*r, b«r, c*r, • • • 
may be expressed in terms of three. The sum of all terms of 
the type A a*r thei*efore reduces to an expression of three 

terms^ as 

A a*r + B b*r + C e*r. 

The terms of the types n r and Exr may also be expressed 

in this form. 

nr = na'a*r + n b'b»r + n c'c«r 
Exr = Exa' a»r + Exb' b«r+Exc' c«r. 

Adding all these terms together the whole equation reduces 

to the form 

L a*r + K b«r + H e*r = K. 
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This has already been solyed as 

r = K.L' a' + K.M' b' + K-H' o'. 

The solution is in terms of three non-coplanar vectors a', b', c'. 
These form the system reciprocal to a, b, e in terms of which 
the products containing the unknown vector r were expressed. 

* SuNDBY Applications of Pboducts 
Applications to Mechanics 

48.] In the mechanics of a rigid body a force ia not ?k 
vector in the sense understood in this book. See Art. 3. 
A force has magnitude and direction ; but it has also a line 
of application. Two forces which are alike in magnitude 
and direction, but which lie upon different lines in the body 
do not produce the same effect Nevertheless vectors are 
sufficiently like forces to be useful in treating them. 

If a number of forces f ^^ f ^^ f g^ " * ^^^ ^^ ^ ^'^7 ^^ ^^ 
same point 0, the sum of the forces added as vectors is called 

the restUtant S. 

R = fj + f3 + f3 + ... 

In the same way if f j, f ,, f 3 • - • do not act at the same point 
the term resultant is still applied to the sum of these forces 
added just as if they were vectors. 

E = fi + f3 + f3 + ... (41) 

The idea of the resultant therefore does not introduce the 
line of action of a force. As far as the resultant is concerned 
a force does not differ from a vector. 

Definition: The moment of a force f about the point is 
equal to the product of the force by the perpendicular dis- 
tance from to the line of action of the force. The moment 
however is best looked upon as a vector quantity. Its mag- 
nitude is as defined above. Its direction is usually taken to 
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be the noimal on that side of the plane passed through the 
point and the line f upon which the force appears to pro- 
duce a tendency to rotation about the point in the positive 
trigonometric direction. Another method of defining the 
moment of a force { = PQ about the point is as follows: 
The moment of the force t = FQ about the point is equal 
to twice the area of the triangle OPQ. This includes at once 
both the magnitude and direction of the moment (Art. 25). 
The point F is supposed to be the origin ; and the point Q, 
the terminus of the arrow which represents the force f . The 
letter II will be used to denote the moment. A subscript will 
be attached to designate the point about which the moment is 
taken. 

Mo {{i = 2 0PQ. 

The moment of a number of forces f ^^ f,) • • • is the (vector) 
sum of the moments of the individual forces. 



Mo {fi, fj, • • • } = 2 (OPj Ci + OPj Ga + •••). 
This is known as the total or resultant moment of the forces 

'i» '2^ ••• • 

4B.'] If f be a force acting on a body and if d be the yector 
drawn from the point to any point in the line of action of 
the force, the moment of the force about the point is the 
vector product of d into f . 

Ho Jf} = dxf (42) 

For dxf = i/ sin (d, f) e, 

if 6 be a unit vector in the direction of dxf. 
dxf = (isin (d,f)/e. 

Now (2 sin (d, f) is the perpendicular distance from to t 
The magnitude of dxf is accordingly equal to this perpen- 
dicular distance multiplied by/, the magnitude of the force. 
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This is the magnitude of the moment Mo {f}. The direction 
of dxf is the same as the direction of the moment. Hence 
the relation is proved. 

Mo {f} = dxf. 

The sum of the moments about (7 of a number of forces 
f I, f 29 " * acting at the same paint P is equal to the moment 
of the resultant B of the forces acting at that point. For let 
d be the vector from (7 to P. Then 

Mo{fi}=dxfi 
Mo {f2l=dxf3 
. . 

Mo {fj + Mo {fj + •• = dxfi + dxfj + ... (48) 

= dx(fi + fj + ...)=dxE 

The total moment about ' of any number of forces f j, f j, . • • 
acting on a rigid body is equal to the total moment of those 
forces about increased by the moment about (^ of the 
resultant Bo considered as acting at 0. 

Mo' {fi, fa, • • •} = Mo {fi, f J, . . .} + Mo' {Rol (44) 

Let dp d29 ... be vectors drawn from to any point in 
f 1, fji • • • respectively. Let d^', dj', • • • be the vectors drawn 
from 0' to the same points in f ^i fa* * * * respectively. Let e 
be the vector from to 0'. Then 

*i = d/ + c, dj = dj' + e, * • • 

Mo {f 1, f2, • • •} = djXf 1 + djXfa + . . . 
Mo' {f 1, fj, • • • J = dj'xf 1 + da'xfj + • • . 

= (dj - c)xf 1 + (dj - c)xf 2 + . . . 

= d^xf i+djXf 2 + cx(f 1 + f a + . . .) 

But — c is the vector drawn from 0' to 0. Hence — c x £, 
is the moment about 0' of a force equal in magnitude and 
parallel in direction to f ^ but situated at 0. Hence 
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-cx(f i+fj + •••)=- CXEo = M(y {Ro}. 
Hence Mcy {f j, f a, • • •} = Mo {f i, f ^ ,•••} + Ho* {Eo ^ (44) 

The theorem is therefore proved. 

The resultant B is of course the same at all points. The 
subscript is attached merely to show at what point it is 
supposed to act when the moment about 0' is taken. For 
the point of application of B affects the value of that moment 

The scalar product of the total moment and the resultant 
is the same no matter about what point the moment be taken. 
In other words the product of the total moment, the result- 
ant, and the cosine of the angle between them is invariant 
for all points of space. 

B • Mo' {f i» f 2 »•••}= B • Ho {f 1 » f 2 » • * •} 

where 0' and are any two points in space. This important 
relation follows immediately from the equation 

Mo* {fi» f2» • ••} =Mo {fi> 'a» '••} + Mo' {So}. 
ForB.lIo'lfi,f2*--}=B*Mo{fi,f2*-}+B*Mo'{Bo}. 

But the moment of B is perpendicular to & no matter what 
the point of application be. Hence 

B-Mo' IBo} = 

and the relation is proved. The variation in the total 
moment due to a variation of the point about which the 
moment is taken is always perpendicular to the resultant. 

50.] A point 0' may be found such that the total moment 
about it is parallel to the resultant. The condition for 
parallelism is 

ExMc {f 1, £„.••}= 

BxMc }f 1 , fj, • I = ExMo {f 1, f a, • • •} 

+ Bx Mo* |Bo{ =0 
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where is any point chosen at random. Replace lI(ypLo} 
by its value and for brevity omit to write the f ^ f ^^ • • • in the 
braces { }. Then 

ExM(y = BxMo — Bx(oxB) = 0. 

The problem is to solve this equation for c. 

BxMo — B«B c + B*o B = 0. 

Now B is a known quantity. Ho is also supposed to be 
known. Let o be chosen in the plane through perpen- 
dicular to B. Then B*c = and the equation reduces to 

BxMo = B*B 

BxMo 
B*B 

If be chosen equal to this vector the total moment about 
the point 0', which is at a vector distance from equal to o, 
will be parallel to B. Moreover, since the scalar product of 
the total moment and the resultant is constant and since the 
resultant itself is constant it is clear that in the case where 
they are parallel the numerical value of the total moment 
will be a minimum. 

The total moment is unchanged by displacing the point 
about which it is taken in the direction of the resultant. 

For Mo* Ki, fa, • • •} = Mo {f i, f 2, • • •} - oxB. 

It = ff is parallel to B, exB vanishes and the moment 
about 0' is equal to that about 0. Hence it is possible to 
find not merely one point 0' about which the total moment 
is parallel to the resultant ; but the total moment about any 
point in the line drawn through 0' parallel to B is parallel 
to B. Furthermore the solution found in equation for e is 
the only one which exists in the plane perpendicular to B — 
unless the resultant B vanishes. The results that have been 
obtained may be summed up as follows : 
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If any system of forces f ^^ f 29 * * * whose resultant is not 
zero act upon a rigid body, then there exists in space one 
and only one line such that the total moment about any 
point of it is parallel to the resultant. This line is itself 
parallel to the resultant. The total moment about all points 
of it is the same and is numerically less than that about any 
other point in space. 

This theorem is equivalent to the one which states that 
any system of forces acting upon a rigid body is equivalent 
to a single force (the resultant) acting in a definite line and 
a couple of which the plane is perpendicular to the resultant 
and of which the moment is a minimum. A system of forces 
may be reduced to a single force (the resultant) acting at any 
desired point of space and a couple the moment of which 
(regarded as a vector quantity) is equal to the total moment 
about of the forces acting on the body. But in general the 
plane of this couple will not be perpendicular to the result- 
ant, nor will its moment be a minimum. 

Those who would pursue the study of systems of forces 
acting on a rigid body further and more thoroughly may 
consult the TraiU de Micanique Rationnelle ^ by P. Appell. 
The first chapter of the first volmne is entirely devoted to 
the discussion of systems of forces. Appell defines a vector 
as a quantity possessing magnitude, direction, and point of 
application. His vectors are consequently not the same as 
those used in this book. The treatment of his vectors is 
carried through in the Cartesian coordinates. Each step 
however may be easily converted into the notation of vector 
analysis. A number of exercises is given at the close of 
the chapter. 

51.] Suppose a body be rotating about an axis with a con- 
stant angular velocity a. The points in the body describe 
circles concentric with the axis in planes perpendicular to 

1 Paris, Ganthier-Villan el Fils, 1893. 
7 
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Fio. 25. 



the axis. The velocity of any point in its circle is equal 
to the product of the angular velocity and the radius of the 
circle. It is therefore equal to the product of the angular 

velocity and the perpendicular dis- 
tance from the point to the axis. 
The direction of the velocity is 
perpendicular to the axis and to 
the radius of the circle described 
by the point 

Let a (Fig. 25) be a vector drawn 
along the axis of rotation in that 
direction in which a right-handed 
screw would advance if turned in 
the direction in which the body is 
rotating. Let the magnitude of a 
be a, the angular velocity. The vector a may be taken to 
represent the rotation of the body. Let r be a radius vector 
drawn from any point of the axis of rotation to a point in the 
body. The vector product 

axr = a r sin (a, r) 

is equal in magnitude and direction to the velocity ▼ of the 
terminus of r. For its direction is perpendicular to a and r 
and its magnitude is the product of a and the perpendicular 
distance r sin (a, r) from the point to the line a. That is 

v = axr. (45) 

If the body be rotating simultaneously about several axes 
^v ^%y <^8 * " ^l^cl^ ps^^ through the same point as in the 
case of the gyroscope, the velocities due to the various 
rotations are •—•%/• 

▼2 = ajXr, 

▼8 = »8X'8 
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where r^, r^, rg, • • • are the radii vectores drawn from points 
on the axis a^, a^^ ftg) " ' ^ ^^^ same point of the body. Let 
the vectors r^, r,, rg, • • • be drawn from the common point of 
inteisection of the axes. Then 

ri = r, = r3 = ...=r 
and 

▼ = ▼! + Va + Va + • • • =aiXr + a^xr + agXr + • • • 

= (aj + aj + ag + . . .)xr. 

This shows that the body moves as if rotating with the 
angular velocity which is the vector sum of the angular 
velocities a^^ aj, ag, • • • This theorem is sometimes known 
as the parallelogram law of angular velocities. 

It will be shown later (Art.) 60 that the motion of any 
rigid body one point of which is fixed is at each instant of 
time a rotation about some axis drawn through that point. 
This axis is called the instantaneous axis of rotation. The 
axis is not the same for all time, but constantly changes its 
position. The motion of a rigid body one point of which is 
fixed is therefore represented by 

▼ = axr (45) 

where a is the instantaneous angular velocity; and r, the 

radius vector drawn from the fixed point to any point of the 

body. 

The most general motion of a rigid body no point of which 

is fixed may be treated as follows. Choose an arbitrary 

point 0. At any instant this point will have a velocity v^. 

Relative to the point the body wiU have a motion of rotation 

about some axis drawn through 0. Hence the velocity v of 

any point of the body may be represented by the sum of 

▼« the velocity of and axr the velocity of that point 

relative to 0. 

▼ = v^ + axr. (46) 



) 
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In case ▼« ^ parallel to a, the body moves around a and 
along a simultaneously. This is precisely the motion of a 
screw advancing along a. In case Vo is perpendicular to a, it 
is possible to find a point, given by the vector r, such that 
its velocity is zero. That is 

axr = — Vo. 

This may be done as follows. Multiply by xa. 

(axr)xa = — VoXa 
or a*a r — a»r a = — VoXa. 

Let r be chosen perpendicular to a. Then a*r is zero and 



r = 



a*a 

The point r, thus determined, has the property that its veloc- 
ity is zero. If a line be drawn through this point parallel to 
a, the motion of the body is one of instantaneous rotation 
about this new axis. 

In case Vo is neither parallel nor perpendicular to a it may 
be resolved into two components 

▼o = Vo' + V 

which are respectively parallel and perpendicular to a. 

v = Vo' + Vo" + ftxr 

A point may now be found such that 

Vo" = — axr. 

Let the different points of the body referred to this point be 
denoted by r'. Then the equation becomes 

vzrrvo' + axr'. (46y 

The motion here expressed consists of rotation about an axis 
a and translation along that axis. It is therefore seen that 
the most general motion of a rigid body is at any instant 
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the motion of a screw advancing at a certain rate along a 
definite axis a in space. The axis of the screw and its rate 
of advancing per unit of rotation (i. e. its pitch) change from 
instant to instant. 

53.] The conditions for equilibrium as obtained by the 
principle of virtual velocities may be treated by vector 
methods. Suppose any system of forces f 2, f ^^ • • • act on a 
rigid body. If the body be displaced through a vector dis- 
tance D whether this distance be finite or infinitesimal the 
work done by the forces is 

D*f^, D*^, ••• 

The total work done is therefore 

jr=D.fi + D.fa + --- 

If the body be in equilibrium under the action of the forces 
the work done must be zero. 

ir= D.fi + D.fa + • • . = D.(fi + f J + . . .) = D.E = 0. 

The work done by the forces is equal to the work done by 

their resultant. This must be zero for every displacement 

D. The equation 

D*B = 

holds for all vectors D. Hence 

E = 0. 

The total resultant must be zero if the body be in equilibrium. 
The work done by a force f when the rigid body is dis- 
placed by a rotation of angular velocity a for an infinitesimal 

time i is approximately 

a«dxf i, 

where d is a vector drawn from any point of the axis of rota- 
tion a to any point of f. To prove this break up f into two 
components l\ t" parallel and perpendicular respectively to a. 

a*dxf = a»dxf' + a*dxf "• 
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As f is parallel to a the scalar product [a d f ] vanishes* 

a«dxf = a^dxf "- 

On the other hand the work done by f " is equal to the work 
done by f during the displacement. For V being parallel to 
a is perpendicular to its line of action. If k be the common 
vector perpendicular from the line a to the force f ", the work 
done by f " during a rotation of angular velocity a for time 
t is approximately 

The vector d drawn from any point of a to any point of f may 
be broken up into three components of which one is k, another 
is parallel to a, and the third is parallel to f ". In the scalar 
triple product [a d f "] only that component of d which is 
perpendicular alike to a and f '' has any effect. Hence 

ir= a.kxf " i = a.dxf' V = a.dxf ^. 

If a rigid body upon which the forces f j, f j, • • • act be dis- 
placed by an angular velocity a for an infinitesimal time i 
and if d^, d^f • • • be the vectors drawn from any point of 
a to any points of f j, f 2» • • • respectively, then the work done 
by the forces f j, f 2, • • • will be approximately 

W— (a.diXf 1 + a-d^xfj + •••)* 

= a.(diXf 1 + djXf J, + . . < 

= a.Mo {fi,f2»- •} ^• 

If the body be in equilibrium this work must be zero. 

Hence a*Mo \iiyt^ • • •} ^ = 0. 

The scalar product of the angular velocity a and the total 
moment of the forces f^, ^^ • • • about any point must be 
zero. As a may be any vector whatsoever the moment itself 
must vanish. 

Mo {fi,f3p..}=0. 
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The necessary conditions that a rigid body be in equilib- 
rium under the action of a system of forces is that the result- 
ant of those forces and the total moment about any point in 
space shall vanish. 

Conversely if the resultant of a system of forces and the 
moment of those forces about any one particular point in space 
vanish simultaneously, the body will be in equilibrium. 

If B = 0, then for any displacement of translation D 

D.E = 0. 
jr=D.fi + D.fa+-=0 

and the total work done is zero, when the body suffers any 
displacement of translation. 

Let Mo {fi9 f 29 * - - 1 be zero for a given point 0. Then for 
any other point 0' 

M(y {fi, f„ . . . J = Mo 1 fi, fa, • • •} + Mo' {Eo}. 
But by hypothesis B is also zero. Hence 
Mo'{fi,f2,..-J = 0. 
Hence a^Mo^ {fp t^* "'\ ^ = 

where a is any vector whatsoever. But this expression is 
equal to the work done by the forces when the body is rotated 
for a time t with an angular velocity a about the line a 
passing through the point 0'. This work is zero. 

Any displacement of a rigid body may be regarded as a 
translation through a distance D combined with a rotation 
for a time t with angular velocity a about a suitable line a in 
space. It has been proved that the total work done by the 
forces during this displacement is zero. Hence the forces 
must be in equilibrium. The theorem is proved. 
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Applications to Qtometry 

53.] Relations between two right-handed systems of three 

mutually perpendicular unit vectors. — Let i, j, k and i\ j', k' 

be two such systems. They form their own reciprocal systems. 

Hence 

r = r.i i + r.j j + r.kk .^. 

and r = r-i' i' + r-j' j' + r*' k'. ^ ^ 

From this 



{ 



i' = i'.i i + i'.j j + i'.k k = a, i + a, j + agk 

j' = j'.i i + j'.j j + j'.k k = &i i + ij j + &8 k (47') 

k' = k'.i i + k'.j j + k'.k k = Cj i + c, j + c, k. 



The Bcalarsaj, a,, a^', b-^, h^,h ^\ Cy, e^ Cg are respectively the 
direction cosines of i'; j'; k' witii respect to i, j, k. 
That is 

aj = cos (i', i) a, = cos (i', j) a, = cos (i', k) 

6i = cos a', i) 6, = cos (j', j) dj = cos (j', k) (48) 

Cj = cos (k', i) e, = cos (k', j) c, = cos (k', k). 

In the same manner 

r i = i.i'i' + i.j'j' + Lk' k'= a, i' + ij j' + c, k' 

\ j = j.i' i' + j.j' j' + j.k'k' = a, i' + J, j' + c, k' (47)" 

C k = k.i'i' + k.j'j' + k.k'k' = a, i' + Jg J' + c, k' 

r i'.i' =l = ai«+o,«+ag« 

) j'.j' =1 = 6,« + V + V (49) 

( k'.k' = 1 = ci« + Ca« + Cg« 

i.i =l = aj« + 6j« + ci« 



and 




1 



> j.j =i = a,« + V + <',» (49)' 

C k.k = 1 = ag« + 6g« + Cg« 

i'.j' = = o, J, + a, Jj + ttg Jg 

j'.k' = = 6i cj + J, c, + 6g cg (50) 

k'.i' = = Cj «! + Cj a, + Cg o, 



and 



and 
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i.j = = aj a^ + ^1 ^3 + ^1 ^ 
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Ii.j = u = aj a^ + ^1 Oj + Ci Ca 
j.k = = aj ttg + 62 *8 + ^2 ^8 
k*i = = ttg ttj + 63*1 + ^8 ^1 



[ijk]=[i'j'k']=i = 



(60)' 



«1 


«aa8 


*1 


6, &3 


Cl 


C, Cg 



(51) 



But 



k' = i'xj'= (a, 6g - a, 6,) i + (Og ^i - «! Jg) J 

+ (^1 ^2 — ^2 ^l) ^' 

k' = cj i + C2 j + Cg k. 



Hence 



Or 



e. = 





/ Ci = (a, &8 - ag 6j), 
J Cj = (ag &i - ai &g), 
( Cg = («! 6j - a, &i). 




a, a. 


, Cj = 


a, «! 


, C8 = 





(52) 



and similar relations may be found for the other six quantities 
^19 ^v ^8 ' ^1' ^29 ^8* -^^ these scalar relations between the 
coefficients of a transformation which expresses one set of 
orthogonal axes X', Y\ Z^ in terms of another set X, F, ^ are 
important and well known to students of Cartesian methods. 
The ease with which they are obtained here may be note- 
worthy. 

A number of vector relations, which are perhaps not so well 
known, but nevertheless important, may be found by multi- 
plying the equations 

i' = aii + a2J + a8k 

in vector multiplication. 

Jik'-(jJ' = agj-a2t (63) 

The quantity on either side of this equality is a vector. From 
its form upon the right it is seen to possess no component in 
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the i direction but to lie wholly in the jk-plane ; and from 
its form upon the left it is seen to lie in the j'k '-plane. 
Hence it must be the line of intersection of those two planes. 
Its magnitude is V a^ + a^ or V h^ + c^. This gives the 
scalar relations 

a^ + a^ = h^ + Ci« = 1 - a^. 

The magnitude 1 — a^' is the square of the sine of the angle 
between the vectors i and i'. Hence the vector 

6jk'-(JiJ' = a3J-a,k (58) 

is the line of intersection of the j'k'- and jk-planes, and 
its magnitude is the sine of the angle between the planes. 
Eight other similar vectors may be found, each of which gives 
one of the nine lines of intersection of the two sets of mu- 
tually orthogonal planes. The magnitude of the vector is in 
each case the sine of the angle between the planes. 

54.] Various examples in Plane and Solid Geometry may 
be solved by means of products. 

Example 1 : The perpendiculars from the vertices of a trian- 
gle to the opposite sides meet in a point. Let ABC be the 
triangle. Let the perpendiculars from A to jSC7 and from £ 
to CA meet in the point 0. To show OC ia perpendicular 
to ^ jS. Choose as origin and let OA = A, OB = B, and 



OC = C. Then 






£C=C- 


-B, 


C^=A-C 


Bjhjpo&iiom 




A.(C - B) = 


and 




B.(A - C) = 0. 


Subtract; 




C.(B-A) = 0, 



which proves the theorem, 

^' ^* npU ^: To iind the vector equation of a line drawn 
.- U the point £ parallel to a given vector A. 
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Let be the origin and B the vector WB. Let B be the ra- 
dius vector from to any point of the required line. Then 
B — B is parallel to A. Hence the vector product vanishes. 

Ax(B-B) = 0. 

This is the desired equation. It is a vector equation in the 
imknown vector B. The equation of a plane was seen (page 
88) to be a scalar equation such as 

B*C = (; 
in the unknown vector B. 

The point of intersection of a line and a plane may be 
found at once. The equations are 

( Ax(B - B) = 

j B.C = c 

AxB = AxB 

(AxB)xC = (AxB)xC 

A*C B - C^B A = (AxB)xC 

A.C B - c A = (AxB)xC 

Hence (AxB)xC + c A ^ 

A.C 

The solution evidently fails when A • C = 0« In this case how- 
ever the line is parallel to the plane and there is no solution ; 
or, if it lies in the plane, there are an infinite number of solu- 
tions. 

Example 3: The introduction of vectors to represent planes. 

Heretofoi*e vectors have been used to denote plane areas of 
definite extent The direction of the vector was liormal to 
the plane and the magnitude was equal to the area to be re- 
presented. But it is possible to use vectors to denote not a 
plane area but the entire plane itself, just as a vector represents 
a point. The result is analogous to the platie coordinates of 
analytic geometry. Let be an assumed origin. Let MN be 
a plane in space. The plane MN is to be denoted by a vector 



} 
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whose direction is the direction of the perpendicular dropped 

upon the plane from the origin and whose magnitude is the 

reciprocal of the length of that perpendicular. Thus the nearer 

a plane is to the origin the longer will be the vector which 

represents it 

If r be any radius vector drawn from the origin to a point 

in the plane and if p be the vector which denotes the plane, 

then 

r»p = l 

is the equation of the plane. For 

r»p = r cos (r, p) p. 

Now Pj the length of p is the reciprocal of the perpendicular 
distance from to the plane. On the other hand r cos (r, p) 
is that perpendicular distance. Hence r*p must be unity. 
If r and p be expressed in terms of i, j, k 

r = «i + yj +«k 
p = iii + vj + wTl 
Hence r»p = «w + yv + «t«^ = l. 

The quantities UyV^wBxe the reciprocals of the intercepts of 
the plane p upon the axes. 

The relation between r and p is symmetrical. It is a rela- 
tion of duality. If in the equation 

r»p = l 

r be r^arded as variable, the equation represents a plane p 
which is the locus of all points given by r. If however p be 
regarded as variable and r as constant, the equation repre- 
sents a point r through which all the planes p pass. The 
development of the idea of duality will not be carried out 
It is familiar to all students of geometry. The use of vec- 
tors to denote planes will scarcely be alluded to again until 
Chapter Vn. 
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SUHMABY OF CHAPTER 11 

The scalar product of two vectors is equal to the product 

of their lengths multiplied by the cosine of the angle between 

them. 

A*B = ^£cos(A,B) (1) 

A^B = B^A (2) 

A.A = -4«. (8) 

The necessaiy and sufficient condition for the perpendicularity 

of two vectors neither of which vanishes is that their scalar 

product vanishes. The scalar products of the vectors i, j, k 

are 

i.i = j.j = k.k = 1 

i.j=j.k = k.i = ^*^ 

A.B = ^1 ^1 + A^ B^ + ^3 ^3 (7) 

A.A = -4« = A^ + A^ + A^. (8) 

If the projection of a vector B upon a vector A is B^ 

A*B 

The vector product of two vectors is equal in magnitude to 

the product of their lengths multiplied by the sine of the an« 

gle between them. The direction of the vector product is the 

normal to the plane of the two vectors on that side on which 

a rotation of less than 180^ from the first vector to the second 

appears positive. 

AxB = ^58in(A,B)c. (9) 

The vector product is equal in magnitude and direction to the 
vector which represents the parallelogram of which A and B 
are the two adjacent sides. The necessary and sufficient con- 
dition for the parallelism of two vectors neither of which 
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yanisheB is that their vector product yanishes. The com- 
mutatiye laws do not hold. 







AxB 


= -BxA 




(10) 






ixi =jxi = kxk = 








ixj =-jxi = k 


02) 






jxk =-kxj = i 








kxi =-ixk = j 




AxB = 


■iABz- 




as) 






AxB = 


i j k 
Ai A, A, 
B, ^ B, 




asy 



The scalar triple product of three vectors [A B CQ is eqnal 
to the Tolnme of the parallelopiped of which A, B, C are three 
edges which meet in a point. 



[AB C] = A.BxC = B.CXA = C>AxB 
= AxB*C = BxC'A = CxA*B 

[ABC]=-[ACB]. 



(16)' 
(16)' 



The dot and the cross in a scalar triple product may be inter* 
changed and the order of the letters may be permuted cyelidy 
without altering the yalue of the product; but a change of 
cyclic order changes the sign. 



[ABC] = 



-^1 -^a -^8 

^1 ^^ ^8 
C| Ca C. 



) 



a. 



[ABC] = 



[a be] 



as)' 



(19y 
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If the component of B perpendicular to A be B", 

j,^_Ax^ (20) 

Ax (BxC) = A.C B - A.B C (24) 

(AxB)xC = A.C B - CB A (24)' 

(AxB)*(CxD) = A*C B.D - A*D B*C (25) 
(AxB)x(CxD) = [A C D] B - [B C D] A 

= [ABD]C-[ABC]D. (26) 

The equation which subsists between four vectors A, B, C, D 
is 

[BCD] A - [CD A] B + [DAB] C - [ABC] D = 0. (27) 

Application of f ormulsB of vector analysis to obtain the f or- 
mulsd of Plane and Spherical Trigonometry. 

The system of vectors a', V, c' is said to be reciprocal to the 
system of three non-coplanar vectors a, b, c 

, ,bxc^. oxa .axb ^_^. 

when a' = - . , , V = r^i--^' C = ^— —- • (29) 

[a bo] [abo] [abo] ^ "" 

A vector r may be expressed in terms of a set of vectois and 
its reciprocal in two similar ways 

r = r.a' a + r.V b + no' c (80) 

OP 

r = r^a a' + r.b V + r.o o'. (81) 

The necessary and sufficient conditions that the two systems of 
non-coplanar vectors a, b, e and a', V, c' be reciprocals is that 

a'*a = b'.b = o'»o = 1 
a'.b = a'.o = V.0 = V.a = o'.a = o'.b = 0. ^^^^ 

If a',b', o' form a system reciprocal to a,b,o; then a,b,e will 
form a system reciprocal to a', b', o'. 





P.A 


P.B 


p.c 


[PaE][ABC] = 


O-A 


a-B 


0*0 




£.A 


B.B 


£.C 
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p.c 

(84) 

The system i, j, k is its own reciprocal and if conversely a 
system be its own reciprocal it must be a right or left handed 
system of three mutually perpendicular unit vectors. Appli- 
cation of the theory of reciprocal systems to the solution of 
scalar and vector equations of the first degree in an unknown 
vector. The vector equation of a plane is 

r.A = a. (36) 

Applications of the methods developed in Chapter II., to the 
treatment of a system of forces acting on a rigid body and in 
particular to the reduction of any system of forces to a single 
force and a couple of which the plane is perpendicular to that 
force. Application of the methods to the treatment of 
instantaneous motion of a rigid body obtaining 

v = v^, + a X r (46) 

where v is the velocity of any point, Vq ^ translational veloc- 
ity in the direction a, and a the vector angular velocity of ro- 
tation. Further application of the methods to obtain the 
conditions for equilibrium by making use of the principle of 
virtual velocities. Applications of the method to obtain 
the relations which exist between the nine direction cosines 
of the angles between two systems of mutually orthogonal 
axes. Application to special problems in geometry including 
the form under which plane coordinates make their appear- 
ance in vector analysis and the method by which planes (as 
distinguished from finite plane areas) may be represented 
by vectors. 



) 
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ExEBOiSES ON Chaftbb II 
Prove the following reduction formulse 

1. Ax^x(CxD)} = [ACL] B - A.B CxD 

= B>D AxC — B>C AxD. 

2. [AxB CxD BxP]= [ABD] [CEF]- [ABC] [DBF] 

= [ABE] [PCD] - [ABF] [BCD] 
= [CDA] [BBF] - [CDB] [ABF]. 

8. [AxB BxC CxA] = [ABC]«. 



1 [FaB](AxB) = 



P.A P>B P 

a.A o-B a 



5. Ax (BxC) + Bx(CxA) + Cx(AxB) = 0. 

6. [AxP Bxa CxE] + [Axtt BxE CxP] 

+ [AxE BxP Cxa] = 0. 

7. Obtain formula (84) in the text by expanding 

[(AxB)xP].[Cx(axE)] 
in two different ways and equating the results. 

8. Demonstrate directly by the above formulcB that if 
a', b', o' form a reciprocal system to a, b, o; then a, b, o form 
a sjrstem reciprocal to a', b', o'. 

9. Show the connection between reciprocal systems of vec* 
tors and polar triangles upon a sphere. Obtain some of the 
geometrical formulse connected with polar triangles by inter- 
preting vector f ormulsB such as (3) in the above list. 

10. The perpendicular bisectors of the sides of a triangle 
meet in a point. 

11. Find an expression for the common perpendicular to 
two lines not lying in the same plane. 
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12. Show by vector methods that the formulae for the vol- 
ume of a tetrahedron whose four vertices are 



IS 



i^vVi^^i) («aiyy«a) i^z^Vz^H) {^i^Vv^d 





Xj 


Vi 


"i 


1 


1 


X, 


Vi 


«a 


1 


6 


H 


Vz 


«8 


1 




x^ 


Vi 


«4 


1 



13. Making use of formula (84) of the text show that 



[abc]=( 



n m 



ahe\ nil 

ym I 1 



where a, i, c are the lengths of a, b, c respectively and where 
2 = cos (b, o), m = cos (c a), n = cos (a, b). 

14. Determine the perpendicular (as a vector quantity) 
which is dropped from the origin upon a plane determined by 
the termini of the vectors a, b, o. Use the method of solution 
given in Art. 46. 

15. Show that the volume of a tetrahedron is equal to one 
sixth of the product of two opposite edges by the perpendicu- 
lar distance between them and the sine of the included angle. 

16. If a line is drawn in each face plane of any triedral angle 
through the vertex and perpendicular to the third edge, the 
three lines thus obtained lie in a plane. 



CHAPTER ni ; 

THB DIPFEEENTIAL GALCITLltS OP VBCT0B8 

Differentiation of Functions of One Scalar Variable 

55.] If a vector varies and changes from r to r' the incre- 
ment of r will be the difference between r' and r and will be 
denoted as usual by A r. 

Ar = r'-r, (1) 

where A r must be a vector quantity. If the variable r be 
unrestricted the increment A r is of course also unrestricted : 
it may have any magnitude and any direction. If, however, 
the vector r be regarded as a function (a vector function) of 
a single scalar variable t the value of A r will be completely 
determined when the two values t and t' of ^ which give the 
two values r and r', are known. 

To obtain a clearer conception of the quantities involved 
it will be advantageous to think of the vector r as drawn 
from a fixed origin (Fig. 26). When 
the independent variable t changes its 
value the vector r will change, and as t 
possesses one degree of freedom r will 
vary in such a way that its terminus 
describes a curve in space, r will be 
the radius vector of one point P of 
the curve ; r', of a neighboring point P'. A r will be the 
chord PP' of the curve. The ratio 

At 

A^ 
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will be a vector coUinear with the chord IFP but magnified 
in the ratio 1 : A ^ When A i approaches zero P' will ap- 
proach Py the chord PP^ will approach the tangent at P, and 
the vector 

-7— will approach -=-- 
Ckt at 

which is a vector tangent to the curve at P directed in that 
sense in which the variable t increases along the curve. 
If r be expressed in terms of i, j, k as 

the components r^, r,, r^ will be functions of the scalar L 
r' = (ri + Ari)i + (r^ + Arj)j + (7-3 + Arg)!: 

A r = r' — r = A 7*1 1 + A rj j + A rj k 
- At ^ Ar^ A r, . . A r^ 



A^ A^ 






) 



di dTi dtn dr^ 

Hence the components of the first derivative of r with re- 
spect to t are the first derivatives with respect to ^ of the 
components of r. The same is true for the second and higher 
derivatives. 

dt*~ dt* "^ d<« *^ dt^** 

(2)' 
d*t d*ri d*r^ d«r, 

df df "^ df' df 

In a similar manner if r be expressed in terms of any three 
non-coplanar vectors a, It, o as 

r = aa + 6b + CO 

d'T d'a d'h. d*e 
dt* df ^ df ^ df 
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Example : Let r^acos^ + bsin^ 

The vector r will then describe an ellipse of which a and b 
are two conjugate diameters. This may be seen by assum- 
ing a set of oblique Cartesian axes X, Y coincident with a 

and b. Then 

JC=^aco8t, Y^bsmt, 

which is the equation of an ellipse referred to a pair of con- 
jugate diameters of lengths a and h respectively. 

dx 

3- = — a sin < + b cos<. 

at 

Hence — = a cos (< + 90^) + b sin {i + W). 
a t 

The tangent to the curve is parallel to the radius vector 
for(^+900. ^2^ 

^ = — (a cos < + b sin 0* 

The second derivative is the negative of r. Hence 

is evidentiy a differential equation satisfied by the ellipse. 

Example : Let r = a cosh ^ + b sinh t. 
The vector r will then describe an hyperbola of which a and 
b are two conjugate diameteis. 

dr 

— . = a sinh t + h cosh ^ 

dt 

d^T 
and T:ri = ft c<»h t + h sinh t 

a ** 

Hence ^-x = r 

at" 

is a differential equation satisfied by the hyperbola. 
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56.] A combination of vectors all of which depend on the 
same scalar variable t may be differentiated very much as in 
ordinary calculus. 

^<-)=*-(")^a-:)- 

For 
(a + Ab)*(b + Ab) = a.b + a.Ab + Aa*b+ Aa*Ab 
A(a*b) = (a + Aa).(b + Ab)-a.b 
=:a*Ab + Aa*b + Aa.Ab 

A(a*b) Ab Aa , Aa*Ab 

— -i ^ = a • 1 • D H • 

Lt Lt Lt At 

Hence in the limit when A t = 0, 

d dh (2a . 

A(a.bxc) = a.bx(f^) + a.(|]?)xc 

b X 0, (6) 

|^(ax[bxc]) = ax[bx(l?)]+.x[(|J)xc] 

The last three of the^e f ormolse may be demonstrated exactly 
as the first was. 

The formal process of differentiation in vector analysis 
differs in no way from that in scalar analysis except in this 
one point in which vector analysis alwajrs differs from scalar 
analysis, namely : The order of the factors in a vector product 



m 
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cannot be changed without changing the sign of the product. 
Hence of the two formulsB 

d , ^ /da\ ^ /dh\ 

-(axb) = (-)xb+(-)xa 

and ^(»x*) = (ff)x* + »x(^) 

the first is evidently incorrect, but the second correct. In 
other words, scalar differentiation must take place without 
altering the order of the factors of a vector product. The 
factors must be differentiated in situ. This of course was to 
be expected. 

In case the vectors depend upon more than one variable 
the results are practically the same. In place of total deriva- 
tives with respect to the scalar variables, partial derivatives 
occur. Suppose a and b are two vectors which depend on 
three scalar variables x^ y^ z. The scalar product a*b will 
depend upon these three variables, and it will have three 
partial derivatives of the first order. 

^(-)=(l^)—(B) 

.T<-'>=G-:)-'-(S) <'> 

The second partial derivatives are formed in the same way. 
\Sy) \Sx)^ \9x9yJ 
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Often it is more convenient to use not the derivatives but 
the differentials. This is particularly true when dealing with 
first differentials. The f ormulse (8), (4) become 

d (a . b) = da.b + a • db, (8)' 

d (a X b) = rfa X b + a X db, (4)' 

and so forth. As an illustration consider the following 
example. If r be a unit vector 

r • r = 1. 

The locus of the terminus of r is a spherical surface of unit 
radius described about the origin, r depends upon two vari- 
ables. Differentiate the equation. 

(ir).r + r«(dr) = 2r.(dr) = 0. 
Hence r»dr = 0. 

Hence the increment dt of a unit vector is perpendicular to 
the vector. This can be seen geometrically. If r traces a 
sphere the variation di must be at each point in the tangent 
plane and hence perpendicular to r. 

*57.] Vector methods may be employed advantageously 
in the discussion of curvature and torsion of curves. Let r 
denote the radius vector of a curve 

r = f(0, 

where f is some vector function of the scalar t. In most appli- 
cations in physics and mechanics t represents the time. Let 
8 be the length of arc measured from some definite point of 
the curve as origin. The increment A r is the chord of the 
curve. Hence A r / A « is approximately equal in magnitude 
to unity and approaches unity as its limit when A 8 becomes 
infinitesimal. Hence dr/ds will be a unit vector tangent to 
the curve and will be directed toward that portion of the 
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curve along which b is increasing (Fig. 27). Let t be the 
unit tangent i.^^, 

i^- («> 

The cnrvatiire of the curve is the 
limit of the ratio of the angle through 
which the tangent turns to the length ^' ' 

of the arc. The tangent changes by the increment At As t 
is of unit length, the length of A t is approximately the angle 
through which the tangent has turned measiured in circular 
measure. Hence the directed curvature C is 

n«. LiM At_rft_d^ 

A«=0 A«""d«~d««* ^""^ 

The vector C is collinear with A t and hence perpendicular to 
t; for inasmuch as t is a unit vector At is perpendicular 
to t 

The tortuosity of a curve is the limit of the ratio of the 
angle through which the osculating plane turns to the length 
of the arc. The osculating plane is the plane of the tangent 
vector t and the curvature vector 0. The normal to this 
planeia H = txC. 

If c be a unit vector collinear with 

ii = t X c 

will be a unit normal (Fig. 28) to the osculating plane and 

the three vectors t, o, n form an i, j, k system, 

that is, a right-handed rectangular system. 

Then the angle through which the osculating 

plane turns will be given approximately by 

A n and hence the tortuosity is by definition ' ^g 

du/d 8, 

From the fact that t, o, n form an i, j, k system of unit 
vectors 
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t • t = • = n • n = 1 
and t«o = o*]i = ]i*t = 0. 

Differentiating the first set 

t«dt = o*(2o = ]i«<2]i = 0, 
and the second 

t-dc + rft»o=o»dn + do»ii = ii»dt + rfn»t = 0. 
But d t is parallel to o and consequently perpendicular to n. 

!!• dt = 0. 
Hence <2 n • t = 0. 

The increment of n is perpendicular to t. But the increment 
of n is also perpendicular to n. It is therefore parallel to €• 
As the tortuosity is T = dn/ds, it is parallel todn and hence 
too. 

The tortuosity T is 

m ^ r. N d fdl d^t 1 \ ,_. 

T= — (txo) = — (— X -z-5 — = ) (11) 
ds^ ^ d8\d8 ds^ \^Q.C/ 

^ d^T d^T 1 dr d^T 1 



ds^ ds^^s/'CTc ^« d^'VC^O 

dr d^T d 1 

+ -3- X 



d 8 da^ da V C •€ 

The first term of this expression vanishes. T moreover has 
been seen to be parallel to C = (2^ ijd aK Consequently the 
magnitude of T is the scalar product of T by the unit vec- 
tor o in the direction of C. It is desirable however to have 
the tortuosity positive when the normal n appears to turn in 
the positive or counterclockwise direction if viewed from 
that side of the n c-plane upon which t or the positive part 
of the curve lies. With this convention d n appears to move 
in the direction — o when the tortuosity is positive, that is, n 
turns away from o. The scalar value of the tortuosity will 
therefore be given by— c«T. 
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di rf«r 1 dr d^T d 1 

-0«T = — 0«-r-X -r-o — == — • -— - X 



d8 ds^ VC-C ^* d «* d « V c . 

But c is parallel to the vector d^ r/d «^. Hence 

dr ^_o 
ds da^ 

And is a unit vector in the direction C. Hence 

C d«r 1 



= 



VCTC rf «* VTTc* 



Hence ^■=-c.T = --r— . • 3- x -j-^;^-— • (12) 

ds^ ds ds^C^O ^ 

FdT d^ d»rn 
Or r= i= =.. (18) 

ds^* ds^ 

The tortuosity may be obtained by another method which 
is somewhat shorter if not quite so straightforward. 

t*c = c*n = n«t = 0. 
Hence dt • c = — d c • t 

do ^n = — du»c 
dn»t = — dt*iL 

Now (2t is parallel to 0; hence perpendicular to n. Hence 
(2t*n== 0. Hence dn*t = 0. But(2nis perpendicular to n. 
Hence d n must be parallel to c. The tortuosity is the mag- 
nitude of dn/ds taken however with the negative sign 
because dn appears clockwise from the positive direction of 
the curve. Hence the scalar tortuosity T may be given by 

r = --=-.c = n.— , (14) 

da ds ^ ^ 

r=txc.^f a^y 

ds ^ ^ 



124 



VECTOR ANALYSIS 



• = ■ 



dc 
d» 



dC d 

cc * 



» a C , , - d . ■ 

tXo«-r- = tXo.-T— vCTC — tx ••C:=- V0»0. 



<2« 



But 



ds 

t X . C = 0. 



da 



T= 



txo 


dt 


vce 


< 

7»_ 


C 

txC 


c 


-rfr 


C 

d8» 


d»tl 

dsU 



d^ d*x 
ds'' da' 



as) 



In Cartesian coordinates this becomes 



r= 



dx 

da 

d^x 

da* 

d^ 

da* 



dy 
da 

d^ 
da* 

rffy 
da* 



dz 

da 

d*z 

da* 

d*z 

da* 



(izy 



fd*x\*,fd*y\*,/d*z\* 

\J7*)^{dT*)^\dli)' 



Those who would pursue the study of twisted curves and 

surfaces in space further from the standpoint of vectors will 

find the book ^Application de la Mithode Vedoridle dt Orasa- 

mann d la CHomitrU InJlniUsimale^^ ^ by Fehb extremely 

^ Fteifl^ Cur€ et Nand, 18M. 
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helpful. He works with vectors constantly. The treatment 
is elegant The notation used is however slightly different 
from that used by the present writer. The fundamental 
points of difference are exhibited in this table 

»i X »a -- K I ««] 

ai • aj X aj = [aj a^ aj] ^ [a^ a^ a,]. 

One used to either method need have no difficulty with the 
other. All the important elementary properties of curves 
and surfaces are there treated* They will not be taken 
up here. 

*K%nem(Uics 

58.] Let r be a radius vector drawn from a fixed origin to 
a moving point or particle. Let t be the time. The equation 
of the path is then 

r = f(0. 

The veloeity of the particle is its rate of change of position. 
This is the limit of the increment A r to the increment A t. 



LiM rArl dx 



This velocity is a vector quantity. Its direction is the 
direction of the tangent of the curve described by the par- 
ticle. The term speed is used frequently to denote merely 
the scalar value of the velocity. This convention will be 
followed here. Then 

-P,: C16) 

if « be the length of the arc measured from some fixed point 
of the curve. It is found convenient in mechanics to denote 
differentiations with respect to the time by dots placed over 
the quantity differentiated. This is the cldjluxional notation 
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introduced by Newton. It will also be convenient to denote 
the unit tangent to the curve by t The equations become 

• dv 

• ds ^^^ 

.=,=- a6) 

▼ = i? t (17) 

The acceleration is the rate o£ change of velocity. It 
is a vector quantity. Let it be denoted by A. Then by 
definition 

^ LiM A v d v __ • 

, . . dy d /dt\ d*T - ,,_. 

Differentiate the expression y = 9 t. 

^dY ^d(vt) _dv dt 

di''~dr'"di '^^ dl* 
dv ^d^8 ^^ 
dt'^dl^^^' 

dt_dt dj_^ 
Tt^ds dt~ ^' 

where is the (vector) curvature of the curve and v is the 
speed in the curve. Substituting these values in the equation 
the result is 

A^'it + v^C. 

The acceleration of a particle moving in a curve has there- 
fore been broken up into two components of which one is paral^ 
Id to the tangent t and of which the other is parallel to the 
curvature 0, that is, perpendicular to the tangent. That this 
resolution has been accomplished would be unimportant were 
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it not for the remarkable fact which it brings to light. The 
component of the acceleration parallel to the tangent is equal 
in magnitude to the rate of change of speed. It is entirely- 
independent of what sort of curve the particle is describing. 
It would be the same if the particle described a right line 
with the same speed as it describes the curve. On the other 
hand the component of the acceleration normal to the tangent 
is equal in magnitude to the product of the square of the 
speed of the particle and the curvature of the curve. The 
sharper the curve, the greater this component. The greater 
the speed of the particle, the greater the component But the 
rate of change of speed in path has no effect at all on this 
normal component of the acceleration. 
If r be expressed in terms of i, j, k as 

r = aji + yj + 2k, 

T = r = ii + yj + ik, (16)' 

V = A/"5Ty^n^T^, (16)' 

A = T = r = ii + yj+«k, (18)' 

. . .. X X + yy + z'z 
A. =^ V = « = — _ _ • 

V x^ + y^ + z^ 

From these formulae the difference between S> the rate of 
change of speed, and A = r, the rate of change of velocity, 
is apparent. Just when this difference first became clearly 
recognized would be hard to say. But certain it is that 
Newton must have had it in mind when he stated his second 
law of motion. The rate of change of velocity is proportional 
to the impressed force ; but rate of change of speed is not. 

59.] The hodograph was introduced by Hamilton as an 
aid to the study of the curvilinear motion of a particle. 
With any assumed origin the vector velocity f is laid off. 
The locus of its terminus is the hodograph. In other words, 
the radius vector in the hodograph g^ves the velocity of the 



) 




Fio.29. 
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particle in magnitude and direction at any instant. It is 
possible to proceed one step farther and construct the hodo- 
graph of the hodograph. This is done by laying off the 
vector acceleration A = r from an assumed origin. The 
radius vector in the hodograph of the hodograph therefore 
gives the acceleration at each instant. 
Example 1 : Let a particle revolve in a circle (Fig. 29) 

of radius r with a uniform 
angular velocity a. The 
speed of the particle will then 
be equal to 

v = aT. 

Let r be the radius vector 
drawn to the particle. The 
velocity ▼ is perpendicular to r and to a. It is 

r = v = a X r. 

The vector ▼ is always perpendicular and of constant magni- 
tude. The hodograph is therefore a circle of radius t; = a r. 
The radius vector f in this circle is just ninety degrees in 
advance of the radius vector r in its circle, and it conse- 
quently describes the circle with the same angular velocity 
a The acceleration A which is the rate of change of ▼ is 
always peipendicular to t and equal in magnitude to 

A=^av = a^ r. 

The acceleration A may be given by the formula 

f = A = axv = ax(axr) = a«r a — a*a r. 

But .as a is perpendicular to the plane in which r lies, a • r=: 0. 

Hence •* * • 

xxou^ r = A = — a-ar = — a*r. 

The acceleration due to the uniform motion of a particle in 
a circle is directed toward the centre and is equal in magni- 
tude to the square of the angular velocity multiplied by the 
radius of the circle. 
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EzampU S: Consider the motion of a projectile. The 
acceleration in this case is the acceleration g due to gravity. 

r = A = g. 

The hodograph of the hodograph reduces to a constant 
vector. The curve is merely a point. It is easy to find 
the hodograph. Let To be the velocity of the projectile 
in path at any given instant At a later instant the velocity 
will be 

▼ = To + ^ g. 

Thus the hodograph is a straight line parallel to g and pass- 
ing through the extremity of To* The hodograph of a 
particle moving under the influence of gravity is hence a 
straight line. The path is well known to be a parabola. 
Example 8: In case a particle move under any central 

acceleration 

r = A = f(r). 

The tangents to the hodograph of r are the accelerations f . 
But these tangents are approximately coUinear with the 
chords between two successive values r and i^ of the radius 
vector in the hodograph. That is approximately 





r = 


r-To 




■ AT 


Multiply by rx. 


•• 
rxr: 


(r-To) 


Since r and f are 


parallel 






r X 


(i-ro) = 0. 


Hence 


r X r = r X fo. 



But 1^ r X r is the rate of description of area. Hence the 
equation states that when a particle moves under an ac- 
celeration directed towards the centre, equal areas are swept 
over in equal times by the radius vector. 
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Perhaps it would be well to go a little more carefolly into 
ttus question. If r be the radius vector of the particle in 
its path at one instant, the radius vector at the next instant 
is r + A r. The area of the vector of which r and r + Ar are 
the bounding radii is approximately equal to the area of the 
triangle enclosed by r, r + Ar, and the chord Ar. This 
area is 

|rx(r + Ar)==|rxr + ir xAr = irxAr. 

The rate of description of area by the radius vector is 
consequently 

LiM i rx(r+Ar) lq^ Irv^-^rvi 
A^ = 2 A< "at^Q^ ^ Li^^ ^ 

Let r and ro be two values of the velocity at two points 
P and Po which are near together. The acceleration f « at P^ 
is the limit of 

r — r« A r 



At A t 

A • • • 

Break up the vector -j-— = • into two components one 

A ^ A ^ 

parallel and the other perpendicular to the acceleration f o • 
Af 

if n be a normal to the vector r«. The quantity x ap- 
proaches unity when A t approaches zero. The quantity y 
a{^iroaches zero when A< approaches zero. 

Ar = r — ro = a;A<ro + yA<B. 

Hence rx(r — ro) = a;A<rxro + yA<rXB. 

rx(f — i;) = rxr — fi^ + ^Anxi;. 
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Hence 

r X r — FoX i^^ — xi^dkt + xdkt ixxo + yAtixiL 

But each of the three terms upon the right-hand side is an 
infinitesimal of the second order. Hence the rates of descrip- 
tion of area at F and F^ differ by an infinitesimal of the 
second order with respect to the time. This is true for any 
point of the curve. Hence the rates must be exactly equal 
at all points. This proves the theorem. 

60.] The motion of a rigid body one point of which is 
fixed is at any instant a rotation about an instantaneous axis 
passing through the fixed point 

Let i, j, k be three axes fixed in the body but moving in 
space. Let the radius vector r be drawn from the fixed point 
to any point of the body. Then 

r = aji + yj + «k, 
dT = xdi-^yd} + zdliL 
But d r = (d r . i) i + (d r • j) j + (d r . k) k. 

Substituting the values of(2r*i, dT*}j dT»k obtained from 
the second equation 

dT = (xi •di+ yi .dj + «i .dk)i 
+ (a;j •di + yj • dj-h zj • dk)j 
-f-(a;k.di + yk«dj + «k»dk)k. 

But i*j=j .k = k.i = 0. 

Hence i* dj +j • di = or j»di = — i«dj 
j.dk + k.dj = or k.dj = -j.dk 
k.di + i.dk = or i.dk = -k.dl 

Moreover i • i = j • j = k • k = 1. 

Hence i.dl = j.dj = k.dk = 0. 
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Substitating these values in the expression lord r. 

+ (yk.dj-a;i.dk)k. 
This is a vector product. 

d r = (k.dj i + i.dk j + ydi k)x(a; i + y j + « k). 

Then . d x 

This shows that the instantaneous motion of the body is one 

of rotation with the angular velocity a about the line a. 

This angular velocity changes from instant to instant The 

proof of this theorem fills the lacuna in the work in Art 51. 

Two infinitesimal rotations may be added like vectors. 

Let a^ and a, be two angular velocities. The displacements 

due to them are 

£2| r = a^ X r <2 ^ 

£2, r = a, X r d t 

If r be displaced by a, it becomes 

r + (2ir = r + aiXr(2<. 

If it then be displaced by a^y it becomes 

r + d r = r + di r + a, X [r + (ai X r) d q d <. 
Hence d r = a^ x r d < + a, x r d ^ + a, x (a^ x r) (di)\ 

If the infinitesimals (d i) ' of order higher than the first be 
neglected, 

c2r=:aixrd< + a, xrc2<=(ai + a^xr<I<y 

which proves the theorem. If both sides be divided by d I 
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This is the parallelogram law for angular velocities. It 
was obtained before (Art 61) in a different way. 

In case the direction of a, the instantaneous axis, is con- 
stant, the motion reduces to one of steady rotation about a. 

<2r = a xrdt^ 

r = a X r. 

The acceleration r = axr + axr = axr + ax (axr). 

As a does not change its direction a must be coUinear with 
a and hence a x r is parallel to a x r. That is, it is perpen- 
dicular to r. On the other hand a X (a x r) is parallel to r. 
Inasmuch as all points of the rotating body move in con- 
centric circles about a in planes perpendicular to a, it is 
unnecessary to consider more than one such plane. 

The part of the acceleration of a particle toward the centre 
of the circle in which it moves is 

a X (a X r). 

This is equal in magnitude to the square of the angular 
velocity multiplied by the radius of the circle. It does not 
depend upon the angular acceleration a at all. It corresponds 
to what is known as centrifu^l force. On the other hand 
the acceleration normal to the radius of the circle is 

axr. 

This is equal in magnitude to the rate of change of angular 
velocity multiplied by the radius of the circle. It does not 
depend in any way upon the angular velocity itself but only 
upon its rate of change. 

61.] The subject of integration of vector equations in which 
the differentials depend upon scalar variables needs but a 
word. It is precisely like integration in ordinary calculus. 

If then (2 r = <2 s, 
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where C is some constant vector. To accomplish the integra- 
tion in any particular case may be a matter of some difficulty 
just as it is in the case of ordinary integration of scalars. 

Example 1: Integrate the equation of motion of a 
projectile. 

The equation of motion is simply 

r=g, 

which expresses the fact that the acceleration is always ver- 
tically downward and due to gravity. 

r = g^ + b, 

where b is a constant of integration. It is evidently the 
velocity at the time t = 0. 

e is another constant of integration. It is the position vector 
of the point at time ^ = 0. The path which is given by this 
last equation is a parabola. That this is so may be seen by 
expressing it in terms of x and y and eliminating t. 

Example 2 : The rate of description of areas when a par- 
ticle moves under a central acceleration is constant 

? = f (r). 

Since the acceleration is parallel to the radius, 

r X if = 0. 



But 


r X r = ^^(r xr). 


For 


— . (r X f) = f X f + r X if. 
a t 


Hence 


^('X')=0 




and r X f = 0, 

which proves the statement. 
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Example S : Integrate the equation of motion for a particle 
moving with an acceleration toward the centre and equal to 
a constant multiple of the inverse square of the distance 
from the centre. 



Given r= ^t. 

Then r x r = 0. 

Hence r x f = C. 

Multiply the equations together with x. 

r X C — 1 . .^ — 1 ^ . .^ 

r • r = r*. 
Differentiate. Then r • r = r f . 

Hence LiL^ ^ r _ r 

e^ r T^ 

Each side of this equality is a perfect differential. 

Integrate. Then Lii^ = f + « L 

c* r 

where e I is the vector constant of integration. « is its magni- 
tude and I a unit vector in its direction. Multiply the equa- 
tion by r • . 

r .r X C r« r 

= — = + «r.L 



But r > r X C _ r x r > C _ C • C 
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T.flt C • C , . ,^ 

^^^ p = — -- and cos u = cos (r, I). 

Then p = r + er coau. 

Or ^^ P 

1 -i- e coau 

This is the equation of the ellipse of which e is the eccentri* 
city. The vector I is drawn in the direction of the major 
axis. The length of this axis is 

CL =s — — ^-^ • 

It is possible to carry the integration further and obtain 
the Htm. So far merely the path has been found* 

Scalar Fwnctions of Position in Space. The Operator V 

62.] A function V(x^ y^ z) which takes on a definite scalar 
value for each set of cotJrdinates x^y^z \ji space is called a 
scalar function of position in space. Such a function, for ex- 
ample, is 

V («» y* 2) = a;2 + y2 + 5j2 -, ^2^ 

This function gives the square of the distance of the point 
{x^ y^ z) from the origin. The function V will be supposed to 
be in general continuous and single- valued. In physics scalar 
functions of position are of constant occurrence. In the 
theory of heat the temperature T at any point of a body is a 
scalar function of the position of that point. In mechanics 
and theories of attraction the potential is the all-important 
function. This, too, is a scalar function of position. 

If a scalar function F be set equal to a constant, the equa- 
tion 

F(«,y,«) = c. (20) 

Dflnes a surface in space such that at every point of it the 
ctiou V has the same value c. In case Fbe the tempera- 
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tare, this is a surface of constant temperature. It is called an 
isothermal surface. In case V be the potential, this surface of 
constant potential is known as an equipotential surface. As 
the potential is a typical scalar function of position in space, 
and as it is perhaps the most important of all such functions 
owing to its manifold applications, the surface 

obtained by setting V equal to a constant is frequently spoken 
of as an equipotential surface even in the case where V has 
no connection with the potential, but is any scalar function 
of positions in space. 

The rate at which the function V increases in the JT direc- 
tion — that is, when z changes to a; + A a; and y and z remain 
constant — is 

LiM r r(a;4-Aa^y,g)- V{x,y,z) l 
A« = OL Aa? J' 

This is the partial derivative of F'with respect to x. Hence 
the rates at which V increases in the directions of the three 
axes -T, F, ^ are respectively 

9V^ 9V^ 9V^ 
5 a? * 5y' 5 «' 

Inasmuch as these are rates in a certain direction, they may 
be written appropriately as vectors. Let i, j, k be a system 
of unit vectors coincident with the rectangular system of 
axes X, F, 2. The rates of increase of F are 

,9V dV 9r 

The sum of these three vectors would therefore appear to be 
a vector which represents both in magnitude and direction 
the residtarU or most rapid rate of increase of F. That this 
is actually the case will be shown later (Art. 64). 
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63.] The vector sum which is the resultant rate of increase 
of F' is denoted by V V. 

vr = i|^+j^ + k^. (21) 

V F represents a directed rate of change of V — a directed 
or vector derivative of F^ so to speak. For this reason W 
will be called the derivative of V; and F", the primitive of 

V V. The terms gradient and slope of V are also used for 

V F". It is customary to regard V as an operator which obtains 
a vector V V from a scalar function V of position in space. 

This symbolic operator V was introduced by Sir W. R. 
Hamilton and is now in universal employment. There 
seems, however, to be no universally recognized name ^ for it, 
although owing to the frequent occurrence of the symbol 
some name is a practical necessity. It has been found by 
experience that the monosyllable cfe/ is so short and easy to 
pronounce that even in complicated f ormulsB in which V occurs 
a number of times no inconvenience to the speaker or hearer 
arises from the repetition. VFis read simply as "del F." 

Although this operator V has been defined as 

^ Some use the tenn Nabla owing to its fancied xesemblance to an Assyrian 
harp. Others have noted its likeness to an inverted A and have consequently 
coined the none too enphonions name Atled by inverting the order of the letters in 
the word DeUa, Foppl in his Einfihnmg in die MaxwelPtche Theorie der Eiee- 
trieitSt ayoids any special designation and refers to the symbol as *'die Operation 
V." How this is to be read is not dimlged. Indeed, for printing no particular 
name is necessary, bat for lecturing and purposes of instruction something is re- 
quired — something too that does not confuse the speaker or hearer even when 
often repeated. 
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80 that it appears to depend upon the choice of the axes, it 
is in reality independent of them. This would be surmised 
from the interpretation of V as the magnitude and direction 
of the most rapid increase of V. To demonstrate the inde- 
pendence take another set of axes, i', j', k' and a new set of 
variables a/, y\ J referred to them. Then V referred to this 
system is 



V' = i'— - + i' -— 



a a' 



(22)' 



By making use of the formulae (47)' and (47)", Art 63, page 
104, for transformation of axes from i, j, k to i', j', k' and by 
actually carrying out the differentiations and finally by 
taking into account the identities (49) and (50), V may 
actually be transformed into V. 

V' = V. 

The details of the proof are omitted here, because another 
shorter method of demonstration is to be given. 
61] Consider two surfaces (Fig. 80) 

and F(ic, y, «) = c + d(j, 

upon which V\& constant and which are moreover infinitely 
near together. Let a:, y, a; be a given point upon the surface 
K= c. Let r denote the ra- 
dius vector drawn to this 
point from any fixed origin. 
Then any point near by in 
the neighboring surface V 

= c + d c may be represented / ^ ^ i//^.¥**V ' 
by the radius vector r + rf r. 
The actual increase of Ffrom 
the first surface to the second 
is a fixed quantity dc* Tiie rate of increase is a variable 




r^jri;^*)* 



KCxajr,*! 



t^dl^ 



Fio. 80. 
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quantity and depends upon the direction di which is fol- 
lowed when passing from one surface to the other. The rate 
of increase will be the quotient of the actual increase de and 
the distance Vdi • dx between the surfaces at the point 
Xjyy z ia the direction d r. Let n be a unit normal to the 
surfaces and d n the segment of that normal intercepted 
between the surfaces, ndn will then be the least value for 
d r. The quotient , 

Vdr • dT 

will therefore be a maximum when dr ia parallel to n and 
equal in magnitude oidn. The expression 

an 

is therefore a vector of which the direction is the direction of 
most rapid increase of Fand of which the magnitude is the 
rate of that increase. This vector is entirely independent of 
the axes X, F, Z. Let dche replaced by its equal d V which 
is the increment of F'in passing from the first surface to the 
second. Then let V F be defiried again as 

From this definition, VFis certainly the vector which 
gives the direction of most rapid increase of V and the rate 
in that direction. Moreover VFis independent of the axes. 
It remains to show that this definition is equivalent to the one 
first given. To do this multiply by • (2 r. 

Vr*dr=^n.dr. (26) 

d n 

n is a unit normaL Hence n • dxis the projection of (2 r on 
n and must be equal to the perpendicular distance d n between 
the surfaces. 
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dV 

Vr. dr^^dn^dV. (26)' 

dn 

9V 9V sr 
But dV=-^dx + -^dy + -^dz, 

dx Sy dz 

where (dxy + (dy)^ + (d «)* = d r • d r. 

If (2 r takes on successiyely the values idxy ^dy^ }Ldz the 
equation (25)' takes on the values 

dV 
\7r^idx = ~dx 

ax 

VF.jdy = |^rfy (26) 

5F 
d z 

If tiie factors dx,dy,dzhe cancelled these equations state 
that the components VF. i, VF. j, VF. kof VF in the 
i, j, k directions respectively are equal to 

9v sr dV 

Sx' 5y' 9z' 

VF= (VF. i) i + (VF. j) j + (VF. k) k. 

SV SV dV 
Hencebjr(26) VF=i^- + j ^ + k ^. (21) 

The second definition (24) has been reduced to the first 
and consequently is equivalent to it. 

*65.] The equation (25)' found above is often taken as a 
definition of W. According to ordinary calculus the deriv- 
ative -7-^ satisfies the equation 
a X 

ax 
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Moreover this equation defines dy jdx. In a similar manner 
it is possible to lay down the following definition. 

Definition: The derivative VF' of a scalar function of 
position in space shall satisfy the equation 

dr.vr=dr 

for all values of dr. 

This definition is certainly the most natural and important 
from theoretical considerations. But for practical purposes 
either of the definitions before given seems to be better. 
They are more tangible. The real significance of this last 
definition cannot be appreciated until the subject of linear 
vector functions has been treated. See Chapter VII. 

The computation of the derivative V of a function is most 
frequently carried on by means of the ordinary partial 
differentiation. 

Example 1 : Let V(^Xf y^z) =ir=: Vx^ + y^ + z^* 

„ .9r .9r 5r 
dx &y dz 



"^r^rsi 



Vr = i — — -L i— — — Z_^ 

Va;2 + ya + z^ Va;« + y^ + 

4- k _ • 

Va;» + y^ + «* 

Hence Vr = - (ia: + jy + k«) 

V «' + y* + 2* 



and Vr = 



r r 



VrTr r 



The derivative of r is a unit vector in the direction of r. 
This is evidently the direction of most rapid increase of r 
and the rate of that increase. 
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Example i : Let ^ . v 1 1 



2; 



^k 



(x^ + y^ + 22)i 
Hence V - = ---^1 — 2^ a\a (- i« - J y - k «) 

and V — = 5 = — =- • 

r (r • r)* r* 

The deriyative of 1/r is a yector whose direction is that 
of — r, and whose magnitude is equal to the reciprocal of the 
square of the length r. 

!i=« r 

Example 3: Vr^ =:nr* r = ^r* • 

r»r 

The proof is left to the reader. 
Example 4 * Let V(x^ y, z) = log Va;* + yK 

If r denote the yector drawn from the origin to the point 

{Xj y, z) of space, the function V may be written as 

y 

F(x, y, z) = log Vr.r-(k.r)» 
and ia; + jy = r — k k>r. 

r-kk.r 



Henoe Vlog Vx^ + jf' = 



r.r-(k.r)« 
r - k k.r 



(r-kk.r).(r-kk.r) 
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There is another method of computing V which is baaed 
upon the identity 

Example 1: Let 7"= Vr»r = r. 

dv •! r 

d r = -7= = d r . -— z= = rf r . V r. 
Vr.r vr»r 

r r 
Hence VF= -;= = -• 

V r»r r 

Example 2 : Let F = r • a, where a is a constant vector. 

dF=dr.a = dr.VF. 

Hence VF=a. 

Example S: Let F=: (rxa) • (rxb), where a and b are 

constant vectors. 

F= r»r a*b — r»a r»b. 

dF = 2drT a»b — rfr»a r.b — dfh r»a = dr • VF. 

Hence V F= 2 r a»b — a r.b — b r^a 

VF= (r a^b - a r.b) + (ra-b - br.a) 

= bx(rxa) + a x (rxb). 

Which of these two methods for computing V shall be 
applied in a particular case depends entirely upon their 
relative ease of execution in that case. The latter method is 
independent of the coordinate axes and may therefore be 
preferred. It is also shorter in case the function Fcan be 
expressed easily in terms of r. But when F cannot be so 
expressed the former method has to be resorted to. 

*66.] The great importance of the operator V in mathe- 
matical physics may be seen from a few illustrations. Sup- 
pose T (psj y, z) be the temperature at the point x^ y, s of a 
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heated body. That direction in which the temperature de- 
creases most rapidly gives the direction, of the flow of heat. 
V 7, as has been seen, gives the direction of mosl rapid 
increase of temperature. Hence the flow of heat f is 

f=-jfevr, 

where A; is a constant depending upon the material of the 
body. Suppose again that V be the gravitational potential 
due to a fixed body. The force acting upon a unit mass at 
the point (x, y^z) iB in the direction of most rapid increase of 
potential and is in magnitude equal to the rate of increase 
per unit length in that direction. Let P be the force per unit 
mass. Then 

As different writers use different conventions as regards the 
sign of the gravitational potential, it might be well to state 
that the potential Preferred to here has the opposite sign to 
the potential energy. If W denoted the potential energy of 
a mass m situated at x^ y, z^ the force acting upon that mass 
would be 

In case V represent the electric or magnetic potential due 
to a definite electric charge or to a definite magnetic pole re- 
spectively the force P acting upon a unit charge or unit pole 
as the case might be is 

p = -vr. 

The force is in the direction of most rapid decrease of 
potential. In dealing with electricity and magnetism poten- 
tial and potential energy have the same sign; whereas in 
attraction problems they are generally considered to have 
opposite signs. The direction of the force in either case is in 
the direction of most rapid decrease of potential energy. The 
difference between potential and potential energy is this. 

10 
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Potential in electricity or magnetism is the potential energy 
per unit charge or pole ; and potential in attraction problems 
is potential energy per unit mass taken, however, with the 
negative sign. 

*67.] It is often convenient to treat an operator as a 
quantity provided it obeys the same formal laws as that 
quantity. Consider for example the partial differentiators 

As far as combinations of these are concerned, the formal laws 

are precisely what they would be if instead of differentiators 

three true scalars 

d, &, e 

were given. For instance 

the commutative law 

dx9y 9y9x ^ 

the associative law 

9x\9y9zJ \9x9yj9z \ ^ \ ^^ 

and the distributive law 

5/3^S\ 9 9^99 .,^, ,^ 

9x\9y 9zJ 9x9y 9x9z ^ ^ 

hold for the differentiators just as for scalars. Of course such 
f ormukB as 

^9x''9x^ 

where « is a function of x cannot hold on account of the 
properties of differentiators. A scalar function u cannot be 
placed under the influence of the sign of differentiators. 
Such a patent error may be avoided by remembering that an 
operand must be understood upon which 9/9 x is to operate. 



k 
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In the same way a great advantage may be obtained by 
looking upon 

Sx * dy Sz 
as a vector. It is not a true vector, for the coefficients 

dx dy Sz 

are not .true scalars. It is a vector differentiator and of 

course an operand is alwajrs implied with it As far as formal 

operations are concerned it behaves like a vector. For 

instance 

V(tt + t?) = Vtt + Vt;, 

V (uv) =^ (y u) V + u (V t;), 

c V tt = V (c tt), 

if u and v are any two scalar functions of the scalar variables 
x^y^z and if c be a scalar independent of the variables with 
regard to which the differentiations are performed. 

68.] If A represent any vector the formal combination 
A. Vis 

K.-7 = A,±^A,± + A,l-. (27) 

provided A = -4^ i + A^} + -4g k. 

This operator A • V is a scalar differentiator. When applied 
to a scalar function V (x^ y^ z) it gives a scalar. 

9V 9V 9V 

Suppose for convenience that A is a unit vector a. 

(a.V)r=a, — + a,— +a._ (29) 



/ 
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where a^ a^ a^ are the direction cosines of the line a referred 
to the axes -T, F, Z. Consequently (a • V) F" appears as the 
well-known direetioruU derivative of F in the direction a. 
This is often written 

It expresses the magnitude of the rate of increase of F in 
the direction a. In the particular case where this direction is 
the normal n to a surface of constant value of F, this relation 
becomes the normal derivative. 

(..v)r=|r=».|r+..|z:+..^, (29). 

if Ui^ n^ 7^3 be the direction cosines of the normal. 

The operator a • V applied to a scalar function of position 

F yields the same result as the direct product of a and the 

vector V F. 

(a.V)F=a.(VF). (80) 

For this reason either operation may be denoted simply by 

a.VF 

without parentheses and no ambiguity can result from the 
omission. The two different forms (a • V) Fand a • (V F) 
may however be interpreted in an important theorem, 
(a • V) F is the directional derivative of F in the direction 
a. On the other hand a • (VF) is the component of VF in 
the direction a. Hence : The directional derivative of F in 
any direction is equal to the component of the derivative 
VF in that direction. If Fdenote gravitational potential the 
theorem becomes : The directional derivative of the potential 
in any direction gives the component of the force per unit 
mass in that direction. In case Fbe electric or magnetic 
potential a difference of sign must be observed. 
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Vector Functions of Position in Space 
68.] A vector function of position in space is a fnnctioB 

which associates with each point x, y^ z m space a definite 
vector. The function may be broken up into its three com- 
ponents 

V («> y> «) = Fj (x, y, «) i + Fj, {x, y, z) j + V^ (x, y, «) k. 

Examples of vector functions are very numerous in physics. 
Already the function VF has occurred. At each point of 
space VF has in general a definite vector value. In mechan- 
ics of rigid bodies the velocity of each point of the body is a 
vector function of the position of the point Fluxes of heat, 
electricity, magnetic force, fluids, etc., are all vector functions 
of position in space. 

The scalar operator a • V may be applied to a vector func- 
tion y to yield another vector function. 

Let V= Fi(«,y,«) i+ F3(rc,y,«)j+ F3(a:,y,«)k 

and a = aj i + aj j + ajk. 

Then ^,v = a,f^ + a,±+a,± 

(a.V)V = (a.V) r, i + (a.V) r,j +(a.V)F, k 

•ad (».V)V=fa,^+a,|^ + a,^V 
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This may be written in the form 

(a.V)V=^i + ^'j+^k. (8iy 

^ ^ 5« 5« 5« ^ 

Hence (a • V) V is the directional derivative of the vector 
function V in the direction a. It is possible to write 

(a . V) V = a . VV 
without parentheses. For the meaning of the vector symbol 
V when applied to a vector function V has not yet been 
defined. Hence from the present standpoint the expression 
a • VV can have but the one interpretation given to it by 
(a.V)V. 

70.] Although the operation V V has not been defined and 
cannot be at present,^ two formal combinations of the vector 
operator V and a vector function Y may be treated. These 
are the (formal) scalar product and the (formal) vector prod- 
uct of V into V. They are 

•^ VxV = (i±+,±+kA)xT. (38) 

V . V is read dd dot V; and V xY^del crass Y. 

9 9 9 
The differentiators x- 9 ';^ i w^^ being scalar operators, pass 

dx dy 9z 

by the dot and the cross. That is 

VxT=lx|I+jx|I + kx|I. (38)' 

These may be expressed in terms of the components V^, V^ V^ 
ofV. 

1 A definttion of v ▼ wiU be given in Chapter VIL 
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Now 



Then 



Hence 



Moreover 



dx 9x 9x 9x 



5V 



Sy 
Sz' 



' dy dy*^ dy^ 
■J^^^ dz J+ Sz ^ 
* dx ~~ Sx^ 



i 









9z 



5a! 9y 5«* 
5a! ax 5a!' 



Sy 3y 



dy 



(84) 



(82)" 



Sz ' Sz Sz' 



15) w 



This may be written in the form of a detenninant 



VxV = 



i j k 

AAA 

Sx Sy Sz 

y, y^ y* 



(88) 



w 
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It is to be understood that the operators are to be applied to 
the functions V^^ V^y V^ when expanding the determinant 

From some standpoints objections may be brought forward 
against treating V as a symbolic vector and introducing V • V 
and V X y respectively as the symbolic scalar and vector 
products of V into V. These objections may be avoided by 
simply laying down the definition that the symbols V • and 
V X, which may be looked upon as entirely new operators 
quite distinct from V, shall be 

V.V = i.|^ + j.|^ + k.|I (82y 

dx dy dz 

and VxV = ix|^+jx|^+kx|^. (88)' 

dx By dz 

But for practical purposes and for remembering formula it 
seems by all means advisable to regard 

as a symbolic vector differentiator. This symbol obeys the 

same laws as a vector just in so far as the differentiators 

9 9 9 
^ — , "^, -^ obey the same laws as ordinary scalar quantities. 

71.] That the two functions V • V and V x V have very 
important physical meanings in connection with the vector 
function V may be easily recognized. By the straight- 
forward proof indicated in Art 63 it was seen that the 
operator V is independent of the choice of axes. From this 
fact the inference is immediate that V • V and V x V represent 
intrinsic properties of V invariant of choice of axes. In order 
to perceive these properties it is convenient to attribute to the 
function V some definite physical meaning such as flux or 
flow of a fluid substance. Let therefore the vector V denote 
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at each point of space the direction and the magnitude of the 
flow of some fluid. This may be a material fluid as water 
or gas, or a fictitious one as heat or electricity. To obtain as 
great clearness as possible let the fluid be material but not 
necessarily restricted to incompressibility like water. 

Then v.V = i.^+j.^ + k.iZ 

9x dy 9z 

is called the divergence of V and is often written 

V«V=div V. 

The reason for this term is that V*V gives at each point the 
rate per unit volume per unit time at which fluid is leaving 
that point — the rate of diminution of density. To prove 
this consider a small cube of matter (Fig. 81). Let the edges 
of the cube be dx^ dy^ and dz respectively. Let 

V («, y, «) = Fj {x,y,z) i + F, («,y,«) j + r^(x,y,z) t 

Consider the amount of fluid which passes through those 
faces of the cube which are parallel to the F^plane, «• e. 
perpendicular to the X 
axis. The normal to the 
face whose x cotSrdinate is 
the lesser, that is, the nor- 
mal to the left-hand face 
of the cube is— L The flux 
of substance through this 
face is 



-1 ^y a^- 






FiQ. 81. 



— i.V (x,y,z) dydz. 

The normal to the oppo- ^ 

site face, the face whose 

X coordinate is greater by the amount dx^ia+i and the flux 

through it is therefore 



/" 



» 
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i*Y {x + dx,yjz)dydz = i* Y{Xj y^z) + '—dx\ dy dz 

5V 
= i • V («, y, «) dy d« + i • --— dx dy dz. 

d X 

The total flux outward from the cube through these two 
faces is therefore the algebraic sum of these quantities. This 
is simply 

i • -TT— dx dy dz = -;r— ^ dx dy dz. 

dx 9x 

In like manner the fluxes through the other pairs of faces of 
the cube are 

j • 7= — dx dy dz and k • r — dx dy dz. 

& y 9 z 

The total flux out from the cube is therefore 

This is the net quantity of fluid which leaves the cube per 
unit time. The quotient of this by the volume dx dy dz of 
the cube gives the rate of diminution of density. This is 

dx dy dz dx dy dz 

Because V • V thus represents the diminution of density 
or the rate at which matter is leaving a point per unit volume 
per unit time, it is called the divergence. Maxwell employed 
the term convergence to denote the rate at which fluid ap- 
proaches a point per unit volume per unit time. This is the 
negative of the divergence. In case the fluid is incompressible^ 
as much matter must leave the cube as enters it The total 
change of contents must therefore be zero. For this reason 
the characteristic differential equation which any incompres- 
sible fluid must satisfy is 

v.v = o 
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where V is the flux of the fluid. This equation is often 
known as the hydrodynamic equation. It is satisfied by any 
flow of water, since water is practically incompressible. The 
great importance of the equation for work in electricity is due 
to the fact that according to Maxwell's hypothesis electric dis- 
placement obeys the same laws as an incompressible fluid. If 
then D be the electric displacement, 

div D = V . D = 0. 

72.] To the operator V x Maxwell gave the name carl. 
This nomenclature has become widely accepted. 

V X V = curl V. 

The curl of a vector function V is itself a vector function 
of position in space. As the name indicates, it is closely 
connected with the angular velocity or spin of the flux at 
each point. But the interpretation of the curl is neither so 
easily obtained nor so simple as that of the divergence. 

Consider as before that V represents the flux of a fluid. 
Take at a definite instant an infinitesimal sphere about any 
point (^ y, z). At the next instant what has become of the 
sphere ? In the first place it may have moved off as a whole 
in a certain direction by an amount dt. In other words it 
may have a translational velocity of dx/dt. In addition to 
this it may have undergone such a deformation that it is no 
longer a sphere. It may have been subjected to a strain by 
virtue of which it becomes slightly ellipsoidal in shape. 
Finally it may have been rotated as a whole about some 
axis through an angle dw. That is to say, it may have an 
angular velocity the magnitude of which is dw/dt. An 
infinitesimal sphere therefore may have any one of three 
distinct types of motion or all of them combined. First, a 
translation with definite velocity. Second, a strain with three 
definite rates of elongation along the axes of an ellipsoid. 



? 
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Third, an angular velocity about a definite axis. It is this 
third type of motion which is given by the curl. In fact, 
the curl of the flax V is a vector which has at each point of 
space the direction of the instantaneous axis of rotation at 
that point and a magnitude equal to twice the instantaneous 
angular velocity about that axis. 

The analytic discussion of the motion of a fluid presents 
more difficulties than it is necessary to introduce in treating 
the curl. The motion of a rigid body is sufficiently complex 
to give an adequate idea of the operation. It was seen (Art. 
51) that the velocity of the particles of a rigid body at any 
instant is given by the formula 

V = Vo + a X r. 

curl v = Vxv = VxVo + Vx(axr). 

Let a = ai i + ttj j + ^3 k 

r = rii + rjj + rjk = a:i + yj + «k 

expand V x (a x r) formally as if it were the vector triple 
product of V, a, and r. Then 

V X V = V X Vo + ( V . r) a - (V . a) r. 

Vo is a constant vector. Hence the term V x v© vanishes. 

0X dy oz 

As a is a constant vector it may be placed upon the other side 
of the differential operator, V • a = a • V. 

Hence V x v = 8a — a = 2a. 

Therefore in the case of the motion of a rigid body the curl 
of the linear velocity at any point is equal to twice the 
angular velocity in magnitude and in direction. 
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V X V = curl 7 = 28, 
a = 1 Vx v=5curlv. 
T = Vo+5(Vx V) xr = v^ + l (curlv)xr, (84) 

The expansion of V x (a x r) formally may be avoided by 
multiplying a x r out and then applying the operator V X to 
the result. 

73.] It frequently happens, as in the case of the applica- 
tion just cited, that the operators V»Vs Vx, have to be 
applied to combinations of scalar functions, vector functions, 
or both. The following rules of operation will be found 
usefuL Let t^, t; be scalar functions and n, v vector func« 
tions of position in space. Then 

V (u + v)^Vu + Vv (86) 
V.(u + v)=V.u + V.v (86) 

Vx(u + v) = Vxu + Vxv (87) 

V (uv') = vVu + uVv (88) 
V*(uY^z=zVu»Y + uV •Y (39) 

Vx(ttV) = VttXV + i*Vxv (40) 

V(u.v)=v.Vu + u.Vv (41) 

+ V x (V X u) + u X (V X v)i 

V.(u X v) =v.V X u — u.V X V (42) 

V X (u X v) = v»Vu — vV^u — u^Vv + uV.v.i (43) 

A word is necessary upon the matter of the interpretation 
of such expressions as 

Vuvy Vt^»v, Vt^ X V. 

The rule followed in this book is that the operator V applies 
to the nearest term only. That is, 

1 Bj Art. 69 the ezpressions T«Vmuid u*^wtae to be interpreted •■ 
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V uv =^ (yu) V 

Vu*Y = (yu)*Y 
Vu X v = (Vt^) X V. 

If V is to be applied to more than the one term which follows 
it, the terms to which it is applied are enclosed in a paren- 
thesis as upon the left-hand side of the above equations. 

The proofs of the formulae may be given most naturally 
by expanding the expressions in terms of three assumed unit 
vectors i, j, k. The sign 2 of summation will be found con- 
venient. By means of it the operators V» V»> A x take the 
form 

dx 

^ dx 
Vx = 2ix#-- 

^ dx 

The summation extends over x^ y^ z. 

To demonstrate V x (t^v) = Vt* x v + i* V x v. 

Hence V x (t* v) = Vu x v + uV x v. 

To demonstrate 

V (u.v) =▼• Vu + u. Vv + V X (V X u) + u X (V x v). 



THE DIFFERENTIAL CALCULUS OF VECTORS 159 
Now 



dx ^ ^ Qx 

— i 



or ^Y*j-^i = Y X (y XU) + Y*VlL 



5 V 
In like maimer 2^*T--i = ^x (Vxv) + u»Vv. 

'^ d X 

Hence V(u»v) « v Vu + u» Vv 

+ V X (V X n) + u X (V X v). 

The other formulaB are demonstrated in a similar manner. 

71] The notation 1 

V(u.v), (44) 

will be used to denote that in appljring the operator V to the 
product (n • v), the quantity u is to be regarded as constant. 
That is, the operation V is carried out only partially upon 
the product (ii*v). In general if V is to be carried out 
partially upon any number of functions which occur after 
it in a parenthesis, those functions which are constant for the 
differentiations are written after the parenthesis as subscripts. 

Let u = u^i + u^i + u^ k, 

^ ThiB ideft and notation of a partial V so to speak may be avoided by means 
of the formula 41. But a certain amount of compactness and simplicity is 
lost thereby. The idea of V (^ * ▼)• is surely no more complicated than u • V ▼ or 
▼ X (V X u). 
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then xL*Y=iu^v^ + u^v^ + '^z'^z 

and V (u.v) = 2*^" (^i^i + ^a^a+ ^s^s)* 

But V(u.v), = :Si(«,|^ + «.|^ + «.^) 

and V(u.v). = 2i(^.^^+^»^'-^.'^0- 
Hence V(u.v) =^1 V^j + i^jV^j + rgVu, 

But V(u.v)u = i*iVi?i + ttaVrj + tA3Vt;8 (44)' 

and V(u«v)y = ri Vuj + v^Vt^j + v^Vu^. 

Hence V (u-v) = V (u.v)„ + V(u.v)^. (46) 

This formula corresponds to the following one in the nota- 
tion of differentials 

d(u»v) = d(u»v)n + d(u»v)^ 
or d (u • v) = u • d V + rf u • V. 

The formulflB (86)-(48) given above (Art 78) may be 
written in the following manner, as is obvious from analogy 
with the corresponding f ormulse in differentials : 

VCu + v^ = V(u + v\ + V (u + v\ (85)' 

V. (u + V) = V. (u + v)u + V. (u + v)^ (86)' 

V X (u + v) = V X (u + v)« + V X (u + v)^ (87)' 
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V (t* t;) = V (t^ v\ + V (uv\ (88)' 

V*(t^v) = V.(wv)« + V.(t^vX (39)' 

V X (ttv) = V X (uy\ + V X (uY)y (40)' 

V (u. v) = V (u. v)a + V (u. v)^ (41)' 

V*(iix v)=V.(ux v)u + V*(ux v)^ (42)' 

V X (u X v) = V X (u X v)u + V X (u X v)^ (48)' 

This notation is particularly useful in the case of the 

scalar product a*v and for this reason it was introduced. 

In almost all other cases it can be done away without loss of 

simplicity. Take for instance (48)'. Expand V x (u x v)^ 

formally. 

Vx (u X v)u = (V.v)u-(V.u)v, 

where it must be understood that u is constant for the differ- 
entiations which occur in V. Then in the last term the 
factor n may be placed before the sign V. Hence 

V X (u X v)n = u V • V = u • V V. 
In like manner V x (u X v)^ = v»Vti — vV»il 
Hence Vx(uxv)=v»Vii — vV»u — ti»Vv + iiV«v. 

75.] There are a number of important relations in which 
the partial operation V (n • v)u figures. 

ux (Vxv) = V(ti.v)u-ti»Vv, (46) 

or V(u.v)a = Ti.Vv + ux (V X v), (46)' 

or ^•Vv = V(u.v)n+ (V X v) xu. (46)" 

The proof of this relation may be given by expanding in 
terms of i, j, k. A method of remembering the result easily 
is as follows. Expand the product 

u X (V X v) 
11 



^ 
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fanuStj as if V, «, T were all real yectoa. Thea 

m X (V X t) = m • T V — m • V ▼. 

The aeccmd term is o^Ue of inteipretatacm as it stmds. 
The first term, however, is not. The operator V has untiling 
upon which to operate. ' It therefore mnst be tno^nsed so 
that it shall hare m • T as an operancL Bat m being outside 
of the parenthesis in m x (V x t) is constant fat the differen- 
tiations. Hence 

and mx(y XT) = V(m.Y), — m-VT. (46) 

If m be a nnit Tectotv sajr a, the f ormnla 

a.VT = V(a.v).+ (Vxt) xa (47) 

expresses the fact that the directional deriyatiTe a* V t of a 
rector function t in the direction a is equal to the deiivatiTa 
of the projection of the rector r in that directicm plus the 
rector prodnct of the cnrl of r into the direction a. 
Consider the raloes of r at two neighboring points. 

and w(x + dx^ y + dy^ z + dz) 

d'f z^w (x + dxjy + dy,z + dz) —yr Qx^y^t). 

Let r = rii + t^,j + t^t^ 

dyr=^dv^\ + dv^i + rfr,k. 
But by (26y dv^ = dfVv^ 

dv^ = dT»Vv^ 

dv^ = dfVvg. 
Hence rfr = rfr.(Vrii + Vr, j + Vv^k). 
Hence d r = d r • V r. 

By (46/' rfT = V (rfr.r)^, + (V x r) x rfr. (48) 
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Or if Yo denote the value of ▼ at the point (jc^ y, z) and ▼ the 
value at a ueighboring point 

V = Vo + V (rfr. v)j,+ (V X v) X dr. (49) 

This expression of v in terms of its value Vo at a given point, 
the deU^ and the displacement d r is analogous to the expan- 
sion of a scalar functor of one variable by Taylor's theorem. 

The derivative of (r • v) when v is constant is equal to ▼• 
That is V(r.v)w = v. 

For V(r.vX = vVr-(V X r) x T, 

v = rii + t?3J + t^gk, 

r = a;i + yj + «k, 

▼ •Vr = i?ii + i;2J + t;,k=sT, 

V x r = 0. 

Hence V (r • v)^ = v. 

In like manner if instead of the finite vector r, an infinitesimal 
vector (2r be substituted, the result still is 

V (d r • v)^ = V. 

By (47) V = Vo + V (d r . v)^, + (V x v) x dr 

V(dr.v) = V(rfr.v)rf} + V(dr.v)^ 

Hence V(dr.v)rfr = V (rfr«v) — v. 

Substituting: 

▼ = 5Vo+5V(dr.v) + ^(Vxv)xdr. (60) 

This gives another form of (49) which is sometimes more 
convenient It is also slightly more symmetricaL 



164 VECTOR ANALYSIS 

♦ 76.] Consider a moving fluid. Let v (iCi y, «, ^ ^^^ 
velocily of the fluid at the point (x, y, z) at the time t. Sur^ 
round a point (2:09 y<y> z^ with a small sphere. 

rf r • rf r = c^. 

At each point of this sphere the velocity is 

V = Vo + rf r • V V. 

In the increment of time S t the points of this sphere will have 
moved the distance 

The point at the center will have moved the distance 

Tlie distance between the center and the points that were 
upon the sphere of radius d r at the commencement of the 
interval S t has become at the end of that interval S t 

To find the locus of the extremity of dr' it ia necessary to 
eliminate d r from the equations 

dt' = dT+dfVYSt^ 
c* = d r • d r. 

The first equation may be solved for d r by the method of 
Art. 47, page 90, and the solution substituted into the second. 
The result will show that the infinitesimal sphere 

dT*dT = c^ 

has been transformed into an ellipsoid by the motion of the 
fluid during the time S t. 

A more definite account of the change that has taken place 
may be obtained by making use of equation (50) 



THE DIFFERENTIAL CALCULUS OF VECTORS 165 
V = Jvo + g V (rf r . v) + J(V X v) X d r, 

v = Vo+f[V(dr.v)-Vo] +|(Vxv)xrfr; 
or of the equation (49) 

v = Vo + V(dr.v)tf,+ (Vx v)xrfr, 
▼ = ▼0+ [v(rfr.v)tf,+ |(Vxv)xrfr]+^(Vxv)xdr. 

The first term Vo ^ these equations expresses the fact that 
the infinitesimal sphere is moving as a whole with an instan- 
taneous velocity equal to Vo* This is the translational element 
of the motion. The last term 

i(Vxv)xdr = | curl v x rf r 

shows that the sphere is undergoing a rotation about an 
instantaneous axis in the direction of curl y and with an angu- 
lar velocity equal in magnitude to one half the magnitude of 
curl V. The middle term 

Jv(rfr-v)-Va. 

or V(d!r.v)rf, — g(Vx v)x dt 

expresses the fact that the sphere is undergoing a defor- 
mation known as homogenecms strain by virtue of which it 
becomes ellipsoidaL For this term is equal to 

if v^^ «|, v^ be respectively the components of v in the direc- 
tions i, J9 k. It is fairly obvious that at any given point 
(^09 Vol ^o) ft set of three mutually perpendicular axes i, j, k 
may be chosen such that at that point Vt^^' ^^29 ^^8 ^^^ ^^ 



/ 
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spectively parallel to them. Then the expression aboye 
becomes simply 

dx—^\ + dy —^ j + dz — ^k. 

Sx dy 9z 

The point whose coordinates referred to the center of the 
infinitesimal sphere are 

dxy dyy dz 

is therefore endowed with this velocity. In the time htii 
will have moved to a new position 

The totality of the points upon the sphere 

di • dt = d x'^ + d y^ + d z^ ^ c^ 

goes over into the totality of points upon the ellipsoid of 
which the equation is 

8 2 2 

The statements made before (Art 72) concerning the three 
types of motion which an infinitesimal sphere of fluid may 
possess have therefore now been demonstrated. 

77.] The symbolic operator V may be applied several times 
in succession. This will correspond in a general way to 
forming derivatives of an order higher than the first. The 
expressions found by thus repeating V will all be independ- 
ent of the axes because V itself is. There are six of these 
dels of the second order. 

Let V (x,y^z) be a scalar function of position in space. 
The derivative VF is a vector function and hence has a curl 
and a divergence. Therefore 

V.VF, vxvr 
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are the two derivatives of the second order which may be 

obtained from V. 

V.Vr=divVr (51) 

Vx Vr=curivr. (52) 

The second expression V x V V vanishes identicaUy. That is, 
the derivative of any scalar function V possesses no cwrl. This 
may be seen by expanding V x VF" in terms of i, j, k. All 
the terms cancel out. Later (Art 83) it will be shown con- 
versely that if a vector function W possesses no curl, i. e. if 

V X W = curl W = 0, then W = VF, 

W is the derivative of some scalar function V. 

The first expression V» V F when expanded in terms of 
i, j, k becomes 

^•vr=|^+|^+|^. (61)' 

dx^ dy^ dz^ 

SymbolicaUy, V.V = ^ + ^. + |l. 

The operator V • V is therefore the well-known operator of 
Laplace. Laplace's Equation 

AF=^ + ?!^ + ^ = (68) 

Qx^ dy^ 9z^ 

becomes in the notation here employed 

v.vr=o. (ssy 

When applied to a scalar function V the operator V • V yields 
a scalar function which is, moreover, the divergence of the 
derivative. 

Let r be the temperature in a body. Let c be the con- 
ductivity, p the density, and h the specific heat. The 
flow f is 

f=-cvr. 



) 
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The rate at which heat is leaving a point per unit volume per 
unit time is V • £ The increment of temperature is 

dT c ^ ^ „ 
— = — V • V 5^. 
dt pk 

This is Fourier's equation for the rate of change of tempera- 
ture. 

Let V be a vector function, and V^y F^, V^ its three com- 
ponents. The operator V • V of Laplace may be applied to V. 

V.VV = V.Vrii + V.VraJ + V.VF3k (54) 

If a vector function Y satisfies Laplace's Equation, each of 
its three scalar components does. Other dels of the second 
order may be obtained by considering the divergence and curl 
of V. The divergence V • V has a derivative 

VV.V = VdivV. (65) 

The curl V x V has in turn a divergence and a curl, 

and V • V X V, V X V X V. 

V • V X V = div curl V (56) 

and V X V X V = curl curl V. (67) 

Of these expressions V • V x V vanishes identically. That is, 
the divergence of the cu/rl of any vector is zero. This may be 
seen by expanding V • V x V in terms of i, j, k. Later (Art 
88) it will be shown conversely that if the divergence of a 
vector function W vanishes identically, i. e. if 

V • W = div W = 0, then W = V x V = curl V, 

W is the curl of some vector function V. 
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If the expression V x (V x V) were expanded formally 
according to the law of the triple vector product, 

Vx(Vx V) = V.VV-V.VV. 

The terms V • V V is meaningless until V be transposed to 
the beginning so that it operates upon Y. 

VxVx V = VV.V- V.VV, (58) 

or curl curl V = VdivV — V-VV. (68)' 

This formula is very important. It expresses the curl of the 
curl of a vector in terms of the derivative of the divergence 
and the operator of Laplace. Should the vector function V 
satisfy Laplace's Equation, 

V . V V = and 
curl curl V = V div V. 

Should the divergence of Y be zero, 

curl curl V= — V • VV. 
Should the curl of the curl of V vanish, 
VdivV = V.VV. 
To sum up. There are six of the dels of the second order. 

v.vr, vxvf; 

V.VV, VV.V, V.VxV, VxVxV. 
Of these, two vanish identically. 

vxvr=o, v.vxv = o. 

A third may be expressed in terms of two others. 

Vx Vx V = VV.y-V.VV. (58) 

The operator V • V is equivalent to the operator of Laplace. 
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♦ 78.] The geometric interpretation of V*Vu is interesting. 
It depends upon a geometric interpretation of the second 
derivatiye of a scalar function u of the one scalar variable x. 
Let Ui be the value of u at the point Xf. Let it be required 
to find the second derivative of u with respect to a? at the 
point x^ Let Xj^ and x^ be two points equidistant from x^ 
That is, let 

Xm "~ Xfi ss Xf^ "~" X* ^s: w. 



Then 






a« 



is the ratio of the difference between the average of u at the 
points x^ and x^ and the value of « at Xo to the square of the 
distance of the points x^, x^ from x^. That 

^1 + u^ 



1 ^*^«. Lm 2 



2 da;* a=:0 a* 

is easily proved by Taylor^s theorem* 

Let t^ be a scalar function of position in space. Choose 
three mutually orthogonal lines i, j, k and evaluate the 
expressions 

9x^ 5 y* 9 «* 

Let x^ and x^ be two points on the line i at a distance a from 
^o ; ^4 and x^ two points on j at the same distance a from 
9o; ^ and x^, two points on kat the same distance a from x^ 



l9*u 
*9x»' 




-«. 


i9*u 
5Sy«- 


_Ltm _ 


8 + «4 
2 

a* 


«. 



THE DIFFERENTIAL CALCULUS OF VECTORS 171 

u^ + u^ 



^9z^ a = 



Add: 



^ \9x^ Sy^ 9 zy ^ 

.LmT 6 2^n 

"a=0L «* J* 

Ab V and V* are independent of the particular axes chosen, 
this expression may be evaluated for a different set of axes, 
then for still a different one, etc. By adding together all 
these results 

U1 + U2+ '" 6n terms 

|V.Vt«=LlM 6n 

6 a = a* 

Let n become infinite and at the same time let the different 
sets of axes point in eveiy direction issuing from x^^ The 
fraction 

^1 + ^2 + "'^^ terms 
6n 

then approaches the average value of u upon the surfooe of a 
sphere of radius a surrounding the point x^ Denote this 
by 14.. 

V • V t^ is equal to six times the limit approached by the ratio 
of the excess of u on the surface of a sphere above the value 
at the center to the square of the radius of the sphere. The 
same reasoning holds in case « is a vector function. 

If I* be the temperature of a body V*V u (except for a 
constant factor which depends upon the material of the 
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body) is equal to the rate of increase of temperature (Art 
77). K V«Vuifl positive the average temperature upon a 
small sphere is greater than the temperature at the center. 
The center of the sphere is growing warmer. In the case 
of a steady flow the temperature at the center must remain 
constant. Evidently therefore the condition for a steady 
flow is 

V • V tt = 0. 

That is, the temperature is a solution of Laplace's Equation. 

Maxwell gave the name concentration to — V • V^^ whether 
1* be a scalar or vector function. Consequently V •Vu may 
be called the dispersion of the function u whether it be scalar 
or vector. The dispersion is proportional to the excess of 
the average value of the function on an infinitesimal surface 
above the value at the center. In case i^ is a vector function 
the average is a vector average. The additions in it are 
vector additions. 

SUMMABY OF CHAPTER III 

If a vector r is a function of a scalar t the derivative of 
r with respect to ^ is a vector quantity whose direction is 
that of the tangent to the curve described by the terminus 
of r and whose magnitude is equal to the rate of advance of 
that terminus along the curve per unit change of t. The 
derivatives of the components of a vector are the components 
of the derivatives. 

d* r« . d 



dt* dt* 



d* r« . d* rg , ^^ , 



A combination of vectors or of vectors and scalars may be 
differentiated just as in ordinary scalar analysis except that 
the differentiations must be performed in situ. 
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-(a.b) = -.b + a.-. (8) 

d , ,^ rfa, rfb ^ .^ 

^(axb)=-xb + ax^, (4) 

OP d (a • b) = d a • b + a • d b, (8)' 

d(axb) = daxb + axdb, (4)' 

and so forth. The diiSerential of a unit vector is perpendicu- 
lar to that vector. 

The derivative of a vector r with respect to the arc « of 
the curve which the terminus of the vector describes is 
the unit tangent to the curves directed toward that part of the 
curve along which $ is supposed to increase. 

dt ^ 

The derivative of t with respect to the arc « is a vector whose 
direction is normal to the curve on the concave side and 
whose magnitude is equal to the curvature of the curve. 

^ dt d^t 

The tortuosity of a curve in space is the deriyative of the 
unit normal n to the osculating plane with respect to the 
arcs. 

ds dsKds^ ds*' y/TTcJ' ^^ 

The magnitude of the tortuosity is 

■dt d»t d» r 



T = 



rdtd^td'tn 

ld~s dT^ T?] ^^^^ 



ds^' ds* 



) 
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If r denote the position of a moving particle, t the time, 
V the velocity, A the acceleration, 

v = _=r (16) 

d 8 , ^^ ^*. 

The acceleration may be broken up into two components of 
which one is parallel to the tangent and depends upon the 
rate of change of the scalar velocity v of the particle in its 
path, and of which the other is perpendicular to the tangent 
and depends upon the velocity of the particle and the curva- 
ture of the path. 

A = st + v^O. (19) 

Applications tQ the hodograph, in particular motion in a 
circle, parabola^^or under a central acceleration. Application 
to the proof of the theorem that the motion of a rigid body 
one point of which is fixed is an instantaneous rotation about 
an axis through the fixed pcHut. 

Integration with respect to a scalar is merely the inverse 
of differentiation. Application to finding the paths due to 
given accelerations. 

The operator V applied to a scalar fimction of position in 
space gives a vector whose direction is that of most rapid 
increase of that function and whose magnitude is equal to 
the rate of that increase per unit change of position in that 
direction 
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The operator V is invariant of the axes i^ j^ k. It may be 

defined by the equation 

dV 
VF=-„ (24) 

or VF.dr = dF. (26)' 

Computation of the derivative V F by two methods depend- 
ing upon equations (21) and (25) ^ Illustration of the oc- 
currence of V in mathematical physics. 

V may be looked upon as a fictitious vector, a vector 
differentiator. It obeys the formal laws of vectors just in 
80 far as the scalar differentiators of SI9xj 9 ISyj 91 9z obey 
the formal laws of scalar quantities 

A.Vr=A|^ + ^,1^+^,1?. (28) 

9 X * 9y 9 z 

If a be a unit vector a • VF* is the directional derivative of V 
in the direction a* 

a.VF=(a*V) r=a.(VF)- (80) 

If y is a vector function a« W is the directional derivative 
of that vector function in the direction a. 

V.V=i.|I + j.^ + k.^ (82)' 

Sx dy 3« ^ ' 

VxV=ix^ + jx|^ + kx|Z, (88)' 

9» dy d z 

V.V=-^» + |^« + ^«, (82)" 

9x dy 9* 



) 
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Proof that V • V is the divergence of V and V x V, the curl 

ofV. 

V«V = div V, 

V X V = curl V. 

V(tt + t>) = Vw + Vt?, (85) 

V . (u + v) = V. u + V. ▼, (86) 

Vx(u + v)=Vxii + Vxv» (87) 

V(UV^=:VVU + UV Vj (88) 

V • (tt v) = V tt . V + w V • ▼, (89) 

Vx(ttv) = VttXv + t*Vxv, (40) 

V(ii»v)=vVii + ii*Vv + vx(Vxii) 

+ 11X (Vxv), (41) 

V.(iixv) = v.Vxii-ii.Vxv, (42) 

Vx (u xv)=v«Vii — v V-u-u-Vv + iiV« V. (48) 

Introduction of the partial delj V (u • v)q, in which the dif- 
ferentiations are performed upon the hypothesis that u is 

constant. 

ux (Vxv)=V(ii.v)tt-ii.Vv. (46) 

If a be a unit vector the directional deriyative 

a • V V = V (a • v). + (V X ▼) X a. (47) 

The expansion of any vector function v in the neighborhood 
of a point (x^ y^ «o) at which it takes on the value of Vo is 

v = v^ + V(dr.v)a,+ (Vxv) xrfr, (49) 
or ▼ = g Vo + V (i r . V) + ? (V X V) X (i r. (50) 

Application to hydrodynamics. 

The dd% of the second order are six in number. 
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V X VF= curl VF= 0, (52) 

^^V f^^V ^^v 

v.vrdivvr=f55+|^ + |jj, (61) 

V« V is Laplace's operator. If V«VF=0, F satisfies La- 
place's Equation. The operator may be applied to a vector. 

VV.V = VdivV, (55) 

V • V X V = div curl V = 0, (66) 

Vx VxV=curlcurlV = VV^V- V. VV. (58) 

The geometric interpretation of V • V as giving the disper- 
sum of a function. 

EXERCIBES ON CHAPTER III 

1. Given a particle moving in a plane curve. Let the 
plane be the ij-plane. Obtain the formulsB for the compo- 
nents of the velocity parallel and perpendicular to the radius 
vector r. These are 

V ^kxr, 

where ^ is the angle the radius vector r makes with i, and k 
is the normal to the plane. 

2. Obtain the accelerations of the particle parallel and 
perpendicular to the radius vector. These are 

(r-rd2)!^ (r^ + 2fd)kx-. 

T T 

Express these formulsB in the usual manner in terms of x 
and y* 

12 
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3. Obtain the accelerations of a moving particle parallel 
and perpendicular to the tangent to the path and reduce the 
results to the usual form. 

4. If r, ^ ^ be a system of polar coordinates in space, 
where r is the distance of a point from the origin, ^ the 
meridianal angle, and 6 the polar angle ; obtain the expressions 
for the components of the velocity and acceleration along the 
radius vector, a meridian, and a parallel of latitude. Reduce 
these expressions to the ordinary form in terms of a;, y, z. 

5. Show by the direct method suggested in Art. 63 that 
the operator V is independent of the axes. 

6. By the second method given for computing V find 
the derivative V of a triple product [a be] each term of which 
is a function of x^y^zm case 

a = (r • r) r, b = (r • a) e, c = r x 4 

where d, e, f are constant vectors. 

7. Compute V • V F when Fis r*, r, -, or — • 

T f* 

8. Compute V • VV, VV • V, and V x V x V when V is 
equal to r and when V is equal to -^ and show that in these 
cases the formula (58) holds. 

9. Expand V x VFand V • V x V in terms of i, j,k and 
show that they vanish (Art 77). 

10. Show by expanding in terms of i, j, k that 

Vx VxV=VV.V-V. VV. 

11. Prove A.V(V.W)=VA.VW+WA.VV, 
and 

(VxV) X W=:Vx (Vx W)w + WV.V-V(V*W)w. 






CHAPTER IV 

THE INTBGBAL CALCULUS OF VECTOBS 

79.] Let W (x, y, 2^) be a vector function of position in 
space. Let C be any curve in space, and r the radius vector 
drawn from some fixed origin to the points of the curve. 
Divide the curve into infinitesimal elements dx. From the 
sum of the scalar product of these elements dx and the value 
of the function W at some point of the element — 

thus ' 2W*dr. 

The limit of this sum when the elements dx become infinite 
in number, each approaching zero, is called the IvM integral of 
W along the curve imd is written 



/, 



W.rfr. 



If W = W^i + W^i+W^lL, 

and dx=zidx + idy + lLdzj 

JW'dx = f IW^dx + W^dy + W^dz]. (1) 

The definition of the line integral therefore coincides with 
the definition usually given. It is however necessary to 
specify in which direction the radius vector r is supposed to 
describe the curve during the integration. For the elements 
dx have opposite signs when the curve is described in oppo- 



i 
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site directions. If one method of description be denoted by 
C and the other by — (7, 



-a Jo 



In case the onrve (7 is a closed curve bounding a portion of 
surface the curve will always be regarded as described in 
such a direction that the enclosed area appears positive 
(Art. 25). 

If f denote the force which may be supposed to vary from 
point to point along the curve (7, the work done by the force 
when its point of application is moved from the initial point 
to of the curve (7 to its final point r is the line integral 



/f.(2r= / {•dr. 

Jo «/'o 



Theorem : The line integral of the derivative V F of a 
scalar function V{x^ y, z) along any curve from the point 
r^ to the point r is equal to the difference between the values 
of the fimction V(Xy y^ z) at the point r and at the point to* 
That is, 



/; 



Vr.dr = F(r) - r(ro) = V(x,y,z) - V(x^y^z,). 



By definition dr.vr=dr 

rdr=r(r)-r(ro) = r(a:,y,0-r(a:o,y<.«o). (2) 

Theorem: The line integral of the derivative V F' of a 
single valued scalar function of position V taken around a 
closed curve vanishes. 

The fact that the integral is taken aroimd a closed curve 

is denoted by writing a circle at the foot of the integral sign. 

To show n 

Jvr.dr = 0. (8) 
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The initial point t^ and the final point r coincide. Hence 
F(r) = r(r,). 

Hence by (2) f V F- d r = 0. 

Jo 

Theorem : Conversely if the line integral of W about every 
closed curve vanishes, W is the derivative of some scalar 
function V (x, y, z) of position in space. 

Given fw*dT=zO. 

Jo 

To show W = Vr. 

Let ro be any fixed point in space and r a variable point. 
The line integral 



/' 



W'dt 

is independent of the path of integration C. For let any two 
paths and 0' be drawn between ro and r. The curve which 
consists of the path C from to to r and the path — C from r 
to ro is a closed curve. Hence ;by hypothesis 

JW»dT+ fw.rfrisO, 
a J --if 

/W«(2r=:— fw^dt. 
'if J (f 

Hence rw«rfr= /W-rfr. 

J c ^ (f 

Hence the value of the integral is independent of the path 
of integration and depends only upon the final point r. 
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The value of the integral is therefore a scalar function of 
the position of the point r whose coordinates are x^ t/^z. 



f; 



W«dr = r(a;,y,2). 



Let the integral be taken between two points infinitely near 

together. 

W«dr = dr(a^y,2). 

But by definition V F- dr = d Fi 

Hence W = VF: 

The theorem is therefore demonstrated. 

80.] Let f be the force which acts upon a unit mass near 
the sur&ce of the earth under the influence of gravity. Let 
a system of axes i, j, k be chosen so that k is verticaL Then 

f = -^k. 

The work done by the force when its point of application 
moves from the position ro to the position r is 



iO 






Hence t^ = — ^ (« — «o) = ^ (*o — «)• 

The force f is said to be derivable from a force-function V 
when there exists a scalar function of position V such that 
the force is equal at each point of the derivative VF. 
Evidently if F is one force-function, another may be obtained 
by adding to F any arbitrary constant. In the above ex- 
ample the force-function is 

Or more simply F= — ^«. 

Theforceis f = VF=-^k. 
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The necessary and sufficient condition that a force-function 
V (a;, y, z) exist, is that the work done by the f oix5e when its 
point of application moves around a closed circuit be zero. 

The work done by the force is 

w— I f •dr. 



=/ 



If this integral vanishes when taken around every closed 
contour f^s7V=Vw. 

And conversely if f = V F 

the integral vanishes. The force-function and the work done 

differ only by a constant. 

V=w + const 

In case there ^friction no force-function can exist. For the 
work done by friction when a particle is moved aroimd in a 
closed circuit is never zero. 

The force of attraction exerted by a fixed mass IT upon 
a unit mass is directed toward the fixed mass and is propor- 
tional to the inverse square of the distance between the 
masses. 

f = — c -^ r. 

This is the law of universal gravitation as stated by Newton. 
It is easy to see that this force is derivable from a force- 
function V. Choose the origin of coordinates at the center 
of the attracting mass M. Then the work done is 

ic; = — I e-^ r«dr. 

o 

But r«dr = rdr, 
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By a proper choice of units the constant c may be made 
equal to imity. The force-function V may therefore be 
chosen as 



If there had been several attracting bodies My^ M^ M^ < 
the force-fimction would have been 



( ^1 ^2 ^8 ) 



where r^, r,, rg, • • • are the distances of the attracted unit 
mass from the attracting masses M^y M^, ITs ' ' * 

The law of the conservation of mechanical energy requires 
that the work done by the forces when a point is moved 
around a closed curve shall be zero. This is on the assump- 
tion that none of the mechanical energy has been converted 
into other forms of energy during the motion. The law of 
conservation of energy therefore requires the forces to be 
derivable from a force-function. Conversely if a force- 
function exists the work done by the forces when a point is 
carried around a closed curve is zero and consequently there 
is no loss of energy. A mechanical system for which a force- 
function exists is called a conservative system. From the 
example just cited above it is clear that bodies moving under 
the law of universal gravitation form a conservative system — 
at least so long as they do not collide. 

81.] Let W (as, y, z) be any vector function of position in 
space. Let S be any surface. Divide this surface into in- 
finitesimal elements. These elements may be regarded as 
plane and may be represented by infinitesimal vectors of 
which the direction is at each point the direction of the 
normal to the surface at that point and of which the magni- 
tude is equal to the magnitude of the area of the infinitesimal 
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element. Let this infinitesimal vector which represents the 

element of surface in magnitude and direction be denoted by 

d a* Form the sum 

SW.da, 

which is the sum of the scalar products of the value of W 
at each element of surface and the (vector) element of 
surface. The limit of this sum when the elements of sur- 
face approach zero is called the surface integral of W over 
the surface S^ and is written 



ss. 



W*da. (4) 

r 

The value of the integral is scalar. If W and (2 a be ex- 
pressed in terms of their three components parallel to i, j, k 

W= JFii+ W^\+ JP-jk, 

ia=(da.i)i+(da.j)j+(ia.k)k, 

or d^^dydzi + dzdx}-\- dxdylL, 

CCw*d9k= jflW^dydz+W^dzdx+W^dxdyl. (5) 

The surface integral therefore has been defined as is cus- 
tomary in ordinary analysis. It is however necessary to 
determine with the greatest care which normal to the surface 
(2 a is. That is, which side of the surface (so to speak) the 
integral is taken over. For the normals upon the two sides 
are the negatives of each other. Hence the surface integrals 
taken over the two sides will differ in sign. In case the 
surface be looked upon as bounding a portion of space d a 
is always considered to be the exterior normal. 

If f denote the flux of any substance the surface integral 



SL 



a 
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gives the amount of that substance which is passing through 
the surface per unit time. It was seen before (Art. 71) that 
the rate at which matter was leaving a point per unit 
volume per unit time was V • f . The total amount of mat- 
ter which leaves a closed space bounded by a surface S per 
unit time is the ordinaiy triple integral 



/// 



V.frfi;. (6) 



? 



Hence the very important relation connecting a surface in- 
tegral of a flux taken over a closed surface and the volume 
integral of the divergence of the flux taken over the space 
enclosed by the surface — 

If/' '^=111''''''' (^) 

Written out in the notation of the ordinary calculus this 
becomes 

jjlZdydz + Tdzdx + Zdxdy] 

where JT, F, Z are the three components of the flux f . The 
theorem is perhaps still more familiar when each of the three 
components is treated separately. 

This is known as Gauss's Theorem. It states that the surface 
integral (taken over a closed surface) of the product of a 
function X and the cosine of the angle which the exterior 
normal to that surface makes with the X-axis is equal to 
the volume integral of the partial derivative of that function 
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with respect to x taken throughout the volume enclosed by 
that surface. 

If the surface £^ be the surface bounding an infinitesimal 
sphere or cube 

rrf.da = V.fdv 

where dv\B the volume of that sphere or cube. Hence 

V.f = :^ fft^dtk. (9) 

dv •/•/ a 

This equation may be taken as a definition of the divergence 
V • f . The divergence of a vector function f is equal to the 
limit approached by the surface integral of f taken over a sur- 
face bounding an infinitesimal body divided by that volume 
when the volume approaches zero as its limit. That is 

From this definition which is evidently independent of the 
axes all the properties of the divergence may be deduced. In 
order to make use of this definition it is necessary to develop 
at least the elements of the integral calculus T)f vectors before 
the differentiating operators can be treated. This definition 
of V • f consequently is interesting more from a theoretical 
than from a practical standpoint. 

82.] Theorem : The surface integral of the curl of a vector 
function is equal to the line integral of that vector function 
taken around the closed curve bounding that surface. 

/Tvx W.da= fw-dr. (11) 

This is the celebrated theorem of Stokes. On account of its 
great importance in all branches of mathematical physics a 
number of different proofs will be given. 
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First Proof : Consider a small triangle 1 SS upon the surface 
8 (Fig. 82). Let the value of W at the vertex i be W^. 
Then by (50), Chap. III., the value at any neighboring point is 

W = ijWo + V(W.Sr) + (Vx W)x Sr j, 

where the symbol S r has been introduced for the sake of dis- 
tinguishing it from d r which is to be used as the element of 
integration. The integral of W taken around the triangle 
123m 




rw.dr=l fWo-dr+i rV(W.Sr).dr 
+ 5 fcVx W) xSr.rfr. 

The first term \ fWo*dT:=zlWo* fdr 

vanishes because the integral of e2 r around a closed figure, in 
this case a small triangle, is zero. The second term 

I rV(W.Sr).rfr 

vanishes by virtue of (8) page 180. Hence 
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fw*dr = lfvxWx St •dr. 

Interchange the dot and the cross in this triple product 

fw^dT:=lfv xW^Srxdr. 

When dr is equal to the side i^ of the triangle, Sr is also 
equal to this side. Hence the product 

Sr X dr 

vanishes because Srand dr are coUinear. In like manner 
when dr IB the side Slj Sr is the same side^^, but taken 
in the opposite direction. Hence the vector product vanishes. 
When dr IB the side SSy Sr is a line drawn from the vertex 
1 at which W= W© to this side £S. Hence the product Srxdr 
is twice the area of the triangle. This area, moreover, is the 
positive area 1£S. Hence 

|Sr X rfr = rfa, 

where d a denotes the positive area of the triangular element 
of surface. For the infinitesimal triangle therefore the 
relation p 

I W»dr = V X W» d9L 

holds. 

Let the surface S be divided into elementary triangles. 
For convenience let the curve which botmds the surface 
be made up of the sides of these triangles. Perform the 
integration 

fw.dr 

around each of these triangles and add the results together. 
^ jW*dT=: ^V X W»da. 
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The second member ^V x'W^d^^ 

a 

is the surface integral of the curl of W. 

2 V X W.rfa= JTv X W.rfa. 

In adding together the line integrals which occur in the fii^t 
member it is necessary to notice that all the sides of the ele- 
mentary triangles except those which lie along the bounding 
curve of the surface are traced twice in opposite directions. 
Hence all the terms in the sum 



?/: 



W»rfr 



which arise from those sides of the triangles lying within the 
surface S cancel out, leaving in the sum only the terms 
which arise from those sides which make up the bounding 
curve of the surface. Hence the sum reduces to the line in- 
tegral of W along the curve which bounds the surface S. 



"^fw*dT = fw*dT. 



Hence 



If. 



V X W*rfa 



"X" 



dr. 



ai) 



) 




Fio. 38. 



Second Proof: Let Che any closed 
contour drawn upon the surface S 
(Fig. 83). It will be assumed that C 
is continuous and does not cut itself. 
Let C be another such contour near 
to C, Consider the variation S which 
takes place in the line integral of W 
in passing from the contour C to the 
contour C". 
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S fw^dT= fw.rfr- fw.rfr, 
J J o' J a 

Bfw*dT=fS(W.df)=fw^8dT+fBW^dT. 

But d(W*St)=zdW*ST + W*dBx 

and SdT = dST. 

Hence rw*Srfr= fw^dSr^ f dCW^Sr') - fdW^Sr. 

The expression rf (W • S r) is by its form a perfect differential. 
The value of the integral of that expression will therefore be 
the difference between the values of W • dr at the end and at 
the beginning of the path of integration. In this case the 
integral is taken around the closed contour O. Hence 

re?(W.Sr) = 0. 
Hence JW*BdT= — TdW-Sr, 

and 8 Cw^dT^Csw •dr-CdW^Bt^ 

SrW.dr=r{sW.dr-dW.8rL 

But dW = -7=— dx+ -;;r— dy + '^r-dzj 

9x 9y dz 

or dW = -;r — i*dT + -z — j»e?r + -;r— k*rfr, 

9 X ay dz 

and Sw = ?^i.Sr+?^j.Sr+?s^k.Sr. 

do; dy dz 



? 
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Substitating these values 

J J { dx dx 

+ similar terms in y and z. i • 

But by (25) page 111 

ix 7=— )-(5rxdr)=V^.dr LPr- V^-Sr i.rfr. 
d X J ^ 9a; d X 

Hence S Jw* dr =J* j i x |^* «' x rfr 

+ similar terms in y and z > • 

or S jW»dT=jV xW^SrxdT. 

In Fig. 88 it will be seen that (2 r is the element of arc 
along the curve C and S r is the distance from the curve C to 
the curve C. Hence S r x c2 r is equal to the area of an ele- 
mentary parallelogram included between C and O' upon the 
surface S. That is 

St X dT = d9Lf 

sfw*dT = fvxW*d9k. 

Let the curve C starting at a point in S expand until it 
coincides with the contour bounding S. The line integral 

will vary from the value at the point to the value 
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taken around the contour which bounds the surface S. This 
total variation of the integral will be equal to the sum of the 
variations S 

2« fw.dr = ^rvx W*da. 

Or rw*dr= rfvx W.rfa. (11) 

83.] Stokes's theorem that the surface integral of the curl 
of a vector function is equal to the line integral of the func- 
tion taken along the closed curve which bounds the surface 
has been proved. The converse is also true. If the surface 
integral of a vector function XT is equal to the line integral of the 
fimction W taken around the curve hounding the surfcu^ and if 
this relation holds for all si^faces in spaccj then TSisthe curl of 
W. Thatis 

if ff^'^^ = fw-rfr, thenXr=Vx W. (12) 

Form the surface integral of the difference between XT and 
Vx W. 

rr(U-Vx W)-rfa=rw«rfr - r W*dr = 0, 

or r r (U — V X W)*da = 0. 

Let the surface S over which the integration is performed be 
infinitesimal. The integral reduces to merely a single term 

(U- Vx W)»da = 0. 

As this equation holds for any element of surface d a, the 
first factor vanishes. Hence 

XT - V X W = 0. 
Hence XT = V x W. 

The converse is therefore demonstrated* 

18 



/ 
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A definition of V x W which is independent of the axes 
i, j, k may be obtained by applying Stokes's theorem to an in- 
finitesimal plane area. Consider a point P. Pass a plane 
through P and draw in it, concentric with P, a small circle of 
area d a. 

V X W*rfa = f V-dr. (18) 

When (2 a has the same direction as V x W the value of the 
line integral will be a maximum, for the cosine of the angle 
between V X W and d a will be equal to unity. For this 
value of c2a. 

Hence the curl V x W of a vector function W has at each 
point of space the direction of the normal to that plane in 
which the line integral of W taken about a small circle con- 
centric with the point in question is a maximum. The mag- 
nitude of the curl at the point is equal to the magnitude of 
that line integral of maximum value divided by the area of 
the circle about which it is taken. This definition like the 
one given in Art. 81 for the divergence is interesting more 
from theoretical than from practical considerations. 

Stokes's theorem or rather its converse may be used to de- 
duce Maxwell's equations of the electro-magnetic field in a 
simple manner. Let E be the electric force, B the magnetic 
induction, E the magnetic force, and C the flux of electricity 
per unit area per unit time (i. e. the current density). 

It is a fact learned from experiment that the total electro- 
motive force around a closed circuit is equal to the negative 
of the rate of change of total magnetic induction through 
the circuit. The total electromotive force is the line integral 
of the electric force taken around the circuit. That is 

fn^dr. 
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The total magnetic induction through the circuit is the sur- 
face integral of the magnetic induction B taken over a surface 
bounded by the circuit. That is 



//. 



B»(2a. 
a 



Experiment therefore shows that 

or rE.dr=//— B»da. 

Jo J J s 

Hence by the converse of Stokes's theorem 

V X E = — B, curl E = — B. 

It is also a fact of experiment that the work done in carry- 
ing a unit positive magnetic pole around a closed circuit is 
equal to 47r times the total electric flux through the circuit. 
The work done in carrying a unit pole around a circuit is 
the line integral of E around the circuit. That is 



X 



E*(2r. 

o 



The total flux of electricity through the circuit is the 
surface integral of C taken over a surface bounded by the 
circuit. That is ^^ 

Experiment therefore teaches that 



f 
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By the converse of Stokes's theorem 
V X H = 4 TT C. 

With a proper interpretation of the current 0, as the dis- 
placement current in addition to the conduction current, 
an interpretation depending upon one of Maxwell's primary 
hypotheses, this relation and the preceding one are the funda- 
mental equations of Maxwell's theory, in the form used by 
Heaviside and Hertz. 

The theorems of Stokes and Grauss may be used to demon- 
strate the identities. 

V • V X W = 0, div curl W = 0. 

V X vr= 0, curl vr= 0. 

According to Gauss's theorem 

/7Tv.vxwdt?= /T^^^*^^' 

According to Stokes's theorem 

i iV xW^d9L= Tw.rfr. 

Hence CCCv^V xW dv= Cw^dr. 

Apply this to an infinitesimal sphere. The surface bounding 
the sphere is closed. Hence its bounding curve reduces to a 
point ; and the integral around it, to zero. 

V»VxWrfi?= rw.dr = 0, 
V.V X W = 0. 
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Again according to Stokes's theorem 

J J a Jo 

Apply this to any infinitesimal portion of sorface. The curve 
bounding this surface is closed. |Hence the lind integral of 
the derivative V Evanishes. 

Vx Vr*da = 0. 

As this equation holds for any cJ a, it follows that 

vx vr=o. 

In a similar manner the converse theorems may be 

demonstrated. If the divergence V • XT of a vector function 

XT is everywhere zero, then XT is the curl of some vector 

function W. 

XT = V X W. 

If the curl VxXT of a vector ftmction XT is everywhere zero, 
then XT is the derivative of some scalar function F, 

xT = vr. 

81] By making use of the three fundamental relations 
between the line, surface, and volume integrals, and the 

f vv.dT=vct)-rct,x (2) 

/Yvx W.<ia= Tw.dr, (11) 

fff^'^d- = fl^'d^ (7) 

it is possible to obtain a large number of formulae for the 
transformation of integrals. These formulsB correspond to 
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those connected with *' integration by parts" in ordinary 
calculus. They are obtained by integrating both sides of the 
formulse, page I6I9 for differentiating. 

First V (tt t?) = tt V t? + t? V t*. 

/ V (uv)*dr=z / uVt?»dr=i vVu^dt. 

Hence I u^ v •dT=:[uv] — J vV u»dr. (14) 

X 

The expression [u t?] 



r 



represents the difference between the value of (u v) at r, the 
end of the path, and the vs^lue at r^, the beginning of the path. 
If the path be closed 

/'uVi;*dr = — f vV u^dr. (14)' 

o Jo 

Second Vx (i*v) = ttVxv + Vi*xv. 

f f ^ ^ (t*v)»(ia = f f uVxY»d^+ C C Vttxv»da. 
J J a J J s J J a 

Hence 

C C Vt^xvda= r i^vrfr— C C i*Vxv»rfa, (15) 
J J a Jo J J a 

or 

f f uV xvda= fuvdr—ffVuxv^dtL, (15)' 
J J a Jo J J a 

Third Vx(wVt?)=5ttVxVt? + V«*xVv. 
But V X Vt? = 

Hence V x (i^ V t;) = V ^ x V v. 
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Hence 



f fv uxVvdB,^ f uVv»dr = — f vVu^dTy (16) 
J J a Jo Jo 

Fourth V • (t^ v) = t^ V • V + V w • V. 

r r C"^* {uy) dvz^ f r c uv^dv + r r ^u^^dv. 



Hence 



f f f ^v»vdv=rr uY^da— r r r^u*Ydv^ (i7) 



or 



C C C S7u*yfdv=C C uvdB,— r r CuT/^vdVy (17)' 

Fifth V(V^xv) = VXV«^»v — V«^»VXv. 
V(Vt^Xv)=— Vt^'VXv, 

rrrv(v^xv)di;=— r r r vu*v x^dv. 

Hence rrv«^xvda = — rrrv^*VXvii;. (18) 

In all these formulse which contain a triple integral the 
surface S is the closed surface bounding the body throughout 
which the integration is performed. 

Examples of integration by parts like those above can be 
multiplied almost without limit Only one more will be 
given here. It is known as Oreen's Theorem and is perhaps 
the most important of all. If u and v are any two scalar 
functions of position, 



) 
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-ffjV*(vVu)dv- C C CvV^Vudv. 
Hence 

/ / /VwVvdv=/ iuVv^dVL-^ I i juV^^vdv^ 

= C Cv\7'u,^dtL--C C CvV^Vudv. (19) 
By subtracting these equalities the formula (20) 

III (tt V» Vt'— t? V V'*)^^== / I {t^VV'-v^u)*d9k. 

is obtained. By expanding the expression in terms of i, j, k 
the ordinary form of Green's theorem may be obtained. A 
further generalization due to Thomson (Lord Kelvin) is the 
following : 

I I I w^u»^vdv= I j uw^vdtL— j j j u^»{w^v]dv, 

= 1 I vw^u*dsk — j j / V V [w'Vw] (it?, (21) 

where ic? is a third scalar function of position. 

The element of volume dv has nothing to do with the scalar 
function v in these equations or in those that go before. The 
use of t? in these two different senses can hardly give rise to 
any misunderstanding. 

* 85.] In the preceding articles the scalar and vector func- 
tions which have been subject to treatment have been sup- 
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posed to be continuous, single-valued, possessing derivatives 
of the first two orders at every point of space under consider- 
ation. When the functions are discontinuous or multiple- 
valued, or fail to possess derivatives of the first two orders 
in certain regions of space, some caution must be exercised in 
applying the results obtained 
Suppose for instance 

r=tan"^?^» 



The line integral 

^xdy — ydx 



/"'•^-/^^^ 



Introducing polar cotjrdinates 

a; = r cos ^, 

y = r sin 9^ 

xdy-^ydx^rdO^ 



rvdr=r— =- fd0. 



Form the line integral from the point ( + 1>0) to the point 
(—1, 0) along two different paths. Let one path be a semi- 
circle lying above the X-axis; and the other, a semicircle 
lying below that axis. The value of the integral along the 
first path is 

- rd0=^7r; 

along the second path, - / dO^ir. 

From this it appears that the integral does not depend merely 
upon the limits of integration, but upon the path chosen, 



/ 
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the value along one path being the negative of the value 
along the other. The integral around the circle which is a 
closed curve does not vanish, but is equal to ± 2 tt. 

It might seem therefore the results of Art. 79 were false 
and that consequently the entire bottom of the work which 
follows fell out. This however is not so. The difl&culty is 
that the function 

r=tan"^^ 

X 

is not single-valued. At the point (1,1), for instance, the 
function V takes on not only the value 

^ "^ ^ 

F= tan 1=T» 

4 

but a whole series of values 

- + A7r, 

where k is any positive or negative integer. Furthermore at 
the origin, which was included between the two semicircular 
paths of integration, the function V becomes wholly inde- 
terminate and fails to possess a derivative. It will be seen 
therefore that the origin is a peculiar or singular point of the 
function V. If the two paths of integration from (+ 1, 0) to 
(—1,0) had not included the origin the values of the integral 
would not have differed. In other words the value of the 
integral around a closed curve which does not include the 
origin vanishes as it should 

Inasmuch as the origin appears to be the point which 
vitiates the results obtained, let it be considered as marked 
by an impassable barrier. Any closed curve C which does 
not contain the origin maybe shrunk up or expanded at will ; 
but a closed curve C which surrounds the origin cannot be 
so distorted as no longer to enclose that point without break- 
ing its continuity. The curve C not surrounding the origin 
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may shrink up to nothing without a break in its continuity ; 
but C can only shrink down and fit closer and closer about 
the origin. It cannot be shrunk down to nothing. It must 
always remain encircling the origin. The cuitc C is said to 
be redticible ; (7, irreducible. In case of the function V^ then, 
it is true that the integral taken around any reducible circuit 
C vanishes; but the integral around any irreducible circuit C 
does not vanish. 

Suppose next that V is any function whatsoever. Let aU 
the points at which V fails to be continuous or to have con- 
tinuous first partial derivatives be marked as impassable 
barriers. Then any circuit C which contains within it no 
such point may be shrunk up to nothing and is said to be 
redv^dble; but a circuit which contains one or more such 
points cannot be so shrunk up without breaking its continuity 
and it is said to be irreducible. The theorem may then be 
stated: Hie line integral of the derivative W of any function 
V vanishes around any reducible circuit C. It may or may not 
vanish around an irreducible cii*cuit In case one irreducible 
circuit C may be distorted so as to coincide with another 
irreducible circuit G without passing through any of the 
singular points of V and without breaking its continuity, 
the two circuits are said to be reconcUdble and the values of 
the line integral of V F" about them are the same. 

A region such that any closed curve C within it may be 
shi-unk up to nothing without passing through any singular 
point of Fand without breaking its continuity, that is, a 
region every closed curve in which is reducible, is said to be 
acyclic. All other regions are cyclic. 

By means of a simple device any cyclic region may be ren- 
dered acyclic. Consider, for instance, the region (Fig. 84) en- 
closed between the surface of a cylinder and the surface of a 
cube which contains the cylinder and whose bases coincide 
with those of the cylinder. Such a region is realized in a room 
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Fio. 84. 



In which a column reaches from the floor to the ceiling. It 
is evident that this region is cyclic. A circuit which passes 
around the column is irreducible. It cannot be contracted to 
nothing without breaking its continuity. If 
now a diaphragm be inserted reaching from 
the surface of the cylinder or column to the 
sui*face of the cube the region thus formed 
bounded by the surface of the cylinder, the 
sur&ce of the cube, and the tivo sides of the 
diaphragm is acyclic. Owing to the inser- 
tion of the diaphragm it is no longer possible 
to draw a circuit which shall pass completely around the cyl- 
inder — the diaphragm prevents it. Hence every closed cir- 
cuit which may be drawn in the region is reducible and the 
region is acyclic. 

In like manner any region may be rendered acyclic by 
inserting a sufficient number of diaphragms. The bounding 
surfaces of the new region consist of the bounding surfaces of 
the given cyclic region and the ttvo faces of each diaphragm. 

In acyclic regions or regions rendered acyclic by the fore- 
going device all the results contained in Arts. 79 et seq. 
hold true. For cyclic regions they may or may not hold 
true. To enter further into these questions at this point is 
unnecessary. Indeed, even as much discussion as has been 
given them already may be superfluous. For they are ques- 
tions which do not concern vector methods any more than the 
corresponding Cartesian ones. They belong properly to the 
subject of integration itself, rather than to the particular 
notation which may be employed in connection with it and 
which is the primary object of exposition here. In this 
respect these questions are similar to questions of rigor. 



1 
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The Integrating Operators. The Potential 

86.] Hitherto there have been considered line» surface, 
and volume integrals of functions both scalar and vector. 
There exist, however, certain special volume integrals which, 
owing to their intimate connection with the differentiating 
operators V, V •, V x, and owing to their especially frequent 
occurrence and great importance in physics, merit especial 
consideration. Suppose that 

is a scalar function of the position in space of the point 

For the sake of definiteness V may be regarded as the 
density of matter at the point (a;^) Vv H)* ^ ^ homogeneous 
body V is constant. In those portions of space in which no 
matter exists V is identically zero. In non-homogeneous dis- 
tributions of matter V varies from point to point; but at 
each point it has a definite value. 

The vector . , . , . 

drawn from any assumed origin, may be used to designate 
the point (ajj, y^^t z^. Let 

be any other fixed point of space, represented by the vector 

drawn from the same origin. Then 

'a - 'i = («a - »i) i + (3f% - ^i) J + («a - «i) k 
is the vector drawn from the point (z^^ y^ ^i) to the point 
(^29 Vt ^a)- -^ ^^ vector occurs a large number of times 
in the sections immediately following, it will be denoted by 

'la = 'a "" 'x* 
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The length of ri2 ^ ^®^ ^la ^^^ '^'^ ^ assumed to be 
positive. 

Consider the triple integral 

I (Pv Vv H) =fff^^^^^^r^ ''«'. <^y* ^'^r 

The integration is performed with respect to the variables 

^2» ^2' ^2 — ^^* is» ^tt respect to the body of which V 

represents the density (Fig. 85). During 

/^ ^N. the integration the point (»p y^, «i) re- 

{^^ CTa-^u DMiins fixed. The integral I has a definite 

jjj^v. y value at each definite point (a?i, y^ «i). 

_ „^ It is a function of that point. The in- 

FiG. 85. ^ 

terpretation of this integral I is easy, if 

the function V be regarded as the density of matter in space. 

The element of mass c2m at {x^^ y^ z^ is 

dm = F (ajy y^^ z^ dx^ dy^ dz^ = Vdv. 

The integral I is therefore the sum of the elements of mass 
in a body, each divided by its distance from a fixed point 

n dm 

J ^12* 

This is what is termed the potential at the point; (x^j y^, Zi) 
due to the body whose density is 

The limits of integration in the integral I may be looked at 
in either of two ways. In the first place they may be 
regarded as coincident with the limits of the body of which 
Vis the density. This indeed might seem the most natural 
set of limits. On the other hand the integral I may be 



V 
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regarded as taken over all space. The value of the integral 
is the same in both cases. For when the limits are infinite 
the function V vanishes identically at every point (x^ y^^ z^ 
situated outside of the body and hence does not augment 
the value of the integral at all. It is found most convenient 
to consider the limits as infinite and the integral as extended 
over all space. This saves the trouble of writing in special 
limits for each particular case. The function Voi itself then 
practically determines the limits owing to its vanishing iden- 
tically at all points unoccupied by matter. 

87.] The operation of finding the potential is of such 
frequent occurrence that a special symbol, Pot^ is used for it 

^^^ ^^ISS ^^""'r ^'' ^'^ ^"^^ ^y^ ^^^' ^^^^ 

The symbol is read "the potential of F." The potential, 
Pot Fi is a function not of the variables x^ y^j z^ with 
regard to which the integration is performed but of the point 
(j^v Vv ^i) wtich is fixed during the integration. These 
variables enter in the expression for r^j. The function V 
and Pot V therefore have different sets of variables. 

It may be necessary to note that although V has hitherto 
been regarded as the density of matter in space, such an 
interpretation for V is entirely too restricted for convenience. 
Whenever it becomes necessary to form the integral 

fs r^X" "^ ""• ""• "'■ =fffk '"■ <''*' 

of any scalar function F, no matter what V represents, that 
integral is called the potential of V. The reason for calling 
such an integral the potential even in cases in which it has 
no connection with physical potential is that it is formed 
according to the same formal law as the true potential and 
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by virtue of that formation has certain simple rules of opera- 
tion which other types of integrals do not possess. 
Pursuant to this idea the potential of a vector function 

may be written down. 

PotW=jJJ^^^^-^^^rfa!,rfy,rf;r,. (28) 

In this case the integral is the sum of vector quantities 
and is consequently itself a vector. Thus the potential of a 
vector function W is a vector function, just as the potential 
of a scalar function F^ was seen to be a scalar function of posi- 
tion in space. If W be resolved into its three components 

W (ajjp ya, «a) = i X (x^, y^, z^+iY (x^, y^, z^ 

+ \Z(x^y^z^) 

Pot W = i PotX + j Pot r+ k Pot Z. (24) 

The potential of a vector function W is equal to the vector 
sum of the potentials of its three components X, F, Z. 

The potential of a scalar function V exists at a point 
(^9 yv ^») ^hen and only when the integral 



J J J r^j 



Potr=/ 1 1 --^dv. 



^v 



taken over all space converges to a definite value. If, 
for instance, V were everywhere constant in space the in- 
tegral would become greater and greater without limit as 
the limits of integration were extended farther and farther 
out into space. Evidently therefore if the potential is to exist 
F must approach zero as its limit as the point (x^j y^t z^ 
recedes indefinitely. A few important sufficient conditions 
for the convergence of the potential may be obtained by 
transforming to polar coordinates. Let 
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a; = r sin cos ^ 

y = r sin sin 0, 

« = r cos 6^ 

dv=^T^ AilO dr dO d0. 

Let the point {x^, y^, 2^) which is fixed for the integration 
be chosen at the. origin. Then 

^12 = ^ 
and the integral becomes 

fffy' dv^ ""777*7 ^* sin ^ rfr i ^ d ^ (22) 

or simply Potr= CCCVrmi0 dr dO d0. 

If the function V decrease so rapidly that the product 

Vr^ 

remains finite as r increases indefinitely ^ then the integral con- 
verges as far as the distant regions of space are concerned. 
For let 

rr^<K 

r = QO r = 0O 

•IT 



fff^r^'^^ dr d0dif> < fffzidr d0 dit> 

r = R r = /2 

r = oo 



r = R 

Hence the triple integral taken over all space outside of a 
sphere of radius R (where R is supposed to be a large quan- 
tity) is less than 2 tt* K/R^ and consequently converges as far 
as regions distant from the origin are concerned. 

U 



¥ 
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If the function V remain finite or if it become infinite so 

weakly that the prodrict 

Vr 

remains finite when r approaches zero, then the integral converges 
as far as regions near to the origin are concerned. For let 



rr<K 



r = R 



r = 

r = R 



r=zR 



JJ Cvrsiaddr d0 d(f> < JffKdr d0 d4>. 

r = 
r = R 



r = 

Hence the triple integral taken over all space inside a sphere 
of radius R (where R is now supposed to be a small quantity) 
is less than iit^ K R and consequently converges as far as 
regions near to the origin which is the point (aj^, y^, z^ are 
concerned. 

If at any point (x^, y^, Zg) not coincident with the origin, 
i. e. the point (Xj, y^ Zj), the fun^ction V becomes infinite so 
weakly that the product of the value of Y at a point near to 
(Xj, y2> Zj) by the square of the distance of that point from 
(Xj, y^, Zj) remains finite as that distance approaches zero, then 
the integral converges as far as regions near to the point (x^, j^y z^) 
are concerned. The proof of this statement is like those given 
before. These three conditions for the convergence of the 
integral Fot V are sufficient. They are by no means neces- 
sary. The integral may converge when they do not hold. 
It is however indispensable to know whether or not an integral 
under discussion converges. Unless the tests given above 
show the convergence, more stringent ones must be resorted 
to. Such, however, will not be discussed here. They belong 
to the theory of integration in general rather than to the 
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theory of the integrating operator Pot The discussion of 
the convergence of the potential of a vector function W re- 
duces at once to that of its three components which are scalar 
functions and may be treated as above. 

88.] The potential is a function of the variables x^^ y^ z^ 
which are constant with respect to the integration. Let the 
value of the potential at the point (aj^, yj, ^i) be denoted by 

[PotF]^.,..... 
The first partial derivative of the potential with respect to Xi 
is therefore 



[PotF]^,,,^] 



(25) 




sjPotr^ LiM ( [Potr].,H-^^,y,^- 

The value of this limit may be determined by a simple 
device (Fig. 36). Consider 
the potential at the point 

(x^+^x^,y^,z{) 

due to a certain body T. This 
is the same as the potential at 
the point xj^ «.«v^^. 

due to the same body T displaced in the negative direction by 
the amount A x^ For in finding the potential at a point P 
due to a body T the absolute positions in space of the body 
T and the point P are immaterial. It is only their positions 
relative to each other which determines the value of the poten- 
tial. If both body and point be translated by the same 
amount in the same direction the value of the potential is un- 
changed. But now if jT be displaced in the negative direction 
by the amount A x^ the value of V at each point of space is 
changed from 

^ (^2» Vv ««) to F (a^a + A x^, y j, z^, 
where Aa?« = A»,. 
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Hence 

[Pot r(a5j,y,«a)]^ + a... ,„ .. = [Pot V^x^ + A x^y^,z^)-\ ^.,.. ^ 

Hence Lm ( [Pot r]%+A%.y..^- [Pot n«..>.... j_ 
Lm ^[PotF(x,+Ag^„8,)]^.y.,^-[PotF(a^^a^)]^.,.,. 



Lni ( 



A Xj^ 



/ 



It will be found convenient to introduce the limits of 
integration. Let the portion of space originally filled by the 
body T be denoted by M; and let the portion filled by the 
body after its translation in the negative direction through 
the distance A o;^ be denoted by M'. The regions if and M' 
overlap. Let the region common to both be M; and let the 
remainder of Jf be m; the remainder of Jf', m'. Then 

Pot r(.,+A.,,y,.,)t=///^I<^i±^?ii^^... 

Pot r(x^ y^z^ =JJJ^nf2!^ rf,. 

Hence (25) becomes, when A x ^ is replaced by its equal A x^^ 

t Ab aU the following potentials an for the point x^ yi, *i the bracket and 
indices have been dropped. 
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Lm i JJJs ^M JJJs fg * 

Aa!,=0( Aa!, = 



12 - - -- rjj 



Or, LiM rrr rCa;^ + Agy y^ g^) - r(a;y y^ g^) ^^ 

Lm f f f I(?^^lMl>dv 
Lm rrr ^(^2 + ^ a;^ y^. gg) - ^(^y yy ^a) ^ ^ 
rrr Lm < r(a^+Aa^,yyga)-r(a?yya,ga) ^ ^^ j. 

jJjMry^ 9 x^ *'* 

when A a;^ approaches zero as its limit the regions mand m\ 
which are at no point thicker than A x^ approach zero ; Jf ' 
and M both approach if as a limit. 

t There are caaee in which this reyersal of the order in which the two limits 
are taken gives incorrect results. This is a qaestion of double limits and leads to 
the mazes of modem mathematical rigor. 

X If the deriTatiTe of Vis to exist at the surface hounding T the values of the 
function V must diminish continuously to zero upon the surface. If Fchanged 
fuddenlj from a finite value within the surface to a zero value outside the de- 
rivative QVlS*! would not exist and the triple integral would he meaningless. 
For the same reason V is supposed to be finite and continuous at every point 
within the region T. 



/ 
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Then if it be assumed that the region Tib finite and that V 
vanishes upon the surface bounding T 

Consequently the expression for the derivative of the poten- 
tial reduces to merely 






^otr 

9 



The partial derivative of the potential of a scalar function V 
is equal to the potential of the partial derivative of V. 

The derivative V of the potential ofVis equal to the potential 
of the derivative V V, 

VPotr=^PotVF: (27) 

This statement follows immediately from the former. As 
the V upon the left-hand side applies to the set of vari- 
ables x^j y^, 2^, it may be written V^. In like manner the 
V upon the right-hand side may be written Vj to call atten- 
tion to the fact that it applies to the variables x^^ y^^ z^ of V. 

Then Vi Pot F= Pot Vj V. (27)' 

To demonstrate this identity V may be expanded in terms of 

, 9 PotF . 5 Potr , 5 Potr 



9xi ^' Sy, 9 



•I 



9V 9V 9V 

= iPotlL + j Pot J^ + kPot J^. 
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As i, j, k are constant vectors they may be placed under 
the sign of integration and the terms may be collected. Then 
by means of (26) 

ViPotr=PotV3F: 

The curl V x and divergence V • of the potential of a vector 
function W are equal respectively to the potential of the curl and 
divergence of that function. 



Vj X Pot W = Pot Va X W, 
or curl Pot W = Pot curl W 

and Vi • Pot W= Pot Vj • W, 

or div Pot W = Pot div W. 



(28) 



(29) 



These relations may be proved in a manner analogous to the 
above. It is even possible to go further and form the deU 
of higher order 

V V Pot r= Pot V . vr, (so) 

V.VPotW = PotV.VW, (31) 

VV- Pot W = Pot VV . W, (32) 

V X V X Pot W= Pot V X V X W. (33) 

The dels upon the left might have a subscript 1 attached to 
show that the differentiations are performed with respect to 
the variables x^y y^, z^j and for a similar reason the dels upon 
the right might have been written with a subscript 2. The 
results of this article may be summed up as follows: 

Theorem: The differentiating operator V and the integrating 
operator Pot are commutative. 

*89.] In the foregoing work it has been assumed that the 
region T was finite and that the function Fwas everywhere 
finite and continuous inside of the region T and moreover 
decreased so as to approach zero continuously at the surface 
bounding that region. These restrictions are inconvenient 



? 
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and may be remoyed by making use of a surface mtegral« 
The derivative of the potential was obtained (page 218) ia 
essentially the form 

Lm 1 /•/•/» r^+A^^^^ 
+ ^x,^OX^JJJ^, d^t 

Let da be a directed element of the surface 8 bounding the 
region M. The element of volume dv^ in the region m' is 
therefore equal to 

dv^^^x^ i • da. 

Hence J_ f f T r(». + A x., y,,.,) ^ 

^ r r ^(a?2 + ^ ^y yy ^2) j . ^^ 

The element of volume dv^ux the region m is equal to 
dt^2 = — Ax^i^da* 

Hence __L T f f Z^2likf«> ^.. 

J J r,a 

Consequently 

a«i J J J MTy^dx^ ^ J J s r^ 
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The volume integral is taken thionghont the region if with 
the understanding that the value of the derivative of V at 
the surface S shall he equal to the limit of the value of that 
derivative when the surface is approached from the interior 
of M. This convention avoids the difficulty that arises in 
connection with the existence of the derivative at the surface 
8 where V becomes discontinuous. The surfoce integral is 
taken over the surface S which bounds the region. 

Suppose that the region M becomes infinite. By virtue of 

the conditions imposed upon V to insure the convergence o^ 

the potential 

Vt^ < K. 

Let the bounding surface /Sf be a sphere of radius By a quaiw 
tity which is large. 

i.d%<T^ d0 d4>. 

The surface integral becomes smaller and smaller and ap- 
proaches zero as its limit when the region M becomes infinite. 
Moreover the volume integral 



Iff. 



1 9r ^ 

— 5— »^a 

M r^ dx^ 



remains finite as M becomes infinite. Consequently provided 
V is such a function that Pot V exists as far as the infinite 
regions of space are concerned, then the equation 

?Z^ = Pot — 

holds as far as those regions of space are concerned. 

Suppose that V ceases to be continuous or becomes infinite 
at a single point (o^, y^^ h) ^'^^^^ the region T. Surround 
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this point with a small sphere of radius R. Let S denote the 
surface of this sphere and M all the region T not included 
within the sphere. Then 



^otr r r r ^ 3V ^ C C ^ . ^ 



SVoiV 

9 



By the conditions imposed upon V 

Vt<K 

Tf— i.da < f f K d0 d4> = 2ir^X:. 

Consequently when the sphere of radius B becomes smaller 
and smaller the surface integral may or may not become zero. 
Moreoyer the volume integral 

may or may not approach a limit when J2 becomes smaller 
and smaller. Hence the equation 

— ;r = Pot -;z 

has not always a definite meaning at a point of the region 
T at which V becomes infinite in such a manner that the 
product Vr remains finite. 

If, howeyer, V remains finite at the point in question so 
that the product Vr approaches zero, the constant K is zero 
and the surface integral becomes smaller and smaller as J2 
approaches zero. Moreoyer the volume integral 



:? 



rrr — — 
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approaches a definite limit as R becomes infinitesimaL Con- 
sequently the equation 

holds in the neighborhood of all isolated points at which V 
remains finite even though it be discontinuous. 

Suppose that V becomes infinite at some single point 
(Xj, y^ 2j) not coincident with (x^^ y^ z{). According to the 
conditions laid upon V 

where I is the distance of the point (x^^ y^ z^ from a point 
near to it. Then the surface integral 



ss. 



— i«da 



need not become zero and consequently the equation 

SPotF „ ^ 9r 
—^ =Pot 3— 

OX-^ dX^ 

need not hold for any point (rr^, y^, z{) of the region. But 
if F becomes infinite at ^ y^^ ^ ^ ^^^^ ^ manner that 

then the surface integral will approach zero as its limit and 
the equation will hold. 

Finally suppose the function F remains finite upon the 
surface S bounding the region T, but does not vanish there. 
In this case there exists a surface of discontinuities of V. 
Within this surface V is finite ; without, it is zero. The 
surface integral 

V 



If. 






220 VECTOR ANALYSIS 

does not yanish in general. Hence the equation 

— TT = Pot TT 

cannot hold. 

Similar reasoning may be applied to each of the three 
partial derivatives with respect to x^^ y^, z^. By combining 
the results it is seen that in general 

ViPotr=PotVar+ ff —dtL. (86) 
J J a rj2 

Let Fbe any function in space, and let it be granted that 
Pot V exists. Surround each point of space at which V 
ceases to be finite by a small sphere. Let the surface of the 
sphere be denoted by 8. Draw in space all those surfaces 
which are surfaces of discontinuity of V. Let these sur- 
faces ako be denoted by S. Then the formula (85) holds 
where the surface integral is taken over all the surfaces 
which have been designated by S. If the integral taken 
over all these surfaces vanishes when the radii of the spheres 
above mentioned become infinitesimal, then 

ViPotr=PotVaF; (27y 

This foTWAda 

ViPotr=PotVjr. 

will surely hold at a point (x^, y^, z^) if V remains aJivays 
finite or becomes infinite at a point (x^ 7v ^) ^ ^^ ^^ 
product V 1 remains finite, and if V possesses no surfaces of 
discontinuity, and if furthermore the product V r* remains finite 
as T becomes infinite.^ In other cases special tests must be 
applied to ascertain whether the formula (27) ' can be used 
or the more complicated one (85) must be resorted to. 

1 For extensions and modiikstions of this theorem, see exe reis ss. 
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The relation (27) is so simple and so amenable to trans- 
formation that V will in general be assumed to be such a 
function that (27) holds. In cases in which V possesses a 
surface S of discontinuity it is fi'equently found convenient 
to consider V as replaced by another function V which has 
in general the same values as Fbut which instead of possess- 
ing a discontinuity at S merely changes very rapidly from 
one value to another as the point (x^ y^^ z^ passes from one 
side of /Sf to the other. Such a device renders the potential 
of V simpler to treat analytically and probably conforms to 
actual physical states more closely than the more exact 
conception of a surface of discontinuity. This device prac- 
tically amounts to including the surface integral in the 
symbol Pot VF: 

In fact from the standpoint of pure mathematics it is 
better to state that where there exist surfaces at which the 
function V becomes discontinuous, the full value of P6t V V 
should always be understood as including the surface integral 



//, 



r,. 



12 

in addition to the volume integral 



J J J ri2 



dvy 



In like manner Pot V • W, Pot V x W, New V • W and other 
similar expressions to be met in the future must be regarded 
as consisting not only of a volume integral but of a surface 
integral in addition, whenever the vector function W possesses 
a surface of discontinuities. 

It is precisely this convention in the interpretation of 
formulsd which permits such simple formulsB as (27) to hold 
in general, and which griyes to the treatment of the integrat- 
ing operators an elegance of treatment otherwise unobtainable. 
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The irregularities which may arise are thrown into the intei^ 
pretation, not into the analytic appearance of the formulsB. 
This is the essence of Professor Gibbs's method of treatment* 
90.] The first partial derivatives of the potential may also 
be obtained by differentiating under the sign of integration,^ 






9x, "J J J V[ix,-x,f+(n-^i7Hz,-^yT ^ ^' (37) 

In like maimer for a rector function W 



'otV nrr (.x^-x{)W(,x^y^z^') , , 



(88) 



Or 



W-fSf''^'" '''^ 






m 



9«i Svi S* 



P 



J J J 1^ r«u r»ja r'l, ^ 

But i («,-«!)+ j(ya-yi) + k (2, -«i) = rir 

> If an attempt were made to ot)taiii tbe leeond partial derimtiTM in tbe same 
manner, it wonld be seen that tbe ndame integiak no longer conveiged. 
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VPotr=JJJ^rft;r (89) 



Hence 

In like manner 

V X PotW= Jff ^"^^ ^ dv^ (40) 



and ^•P«*^ = ///^75^''''«- (*1> 

These three integrals obtained from the potential by the 
differentiating operators are of great importance in mathe- 
matical phjnsics. Each has its own interpretation. Conse- 
quently although obtained so simply from the potential each 
is g^ven a separate name. Moreover inasmuch as these 
integrals may exist even when the potential is divergent, 
they must be considered independent of it. They are to 
be looked upon as three new integrating operators defined 
each upon its own merits as the potential was defined. 

Let, therefore, 



/// 



^ia^(a^a»yrg«) ^^^ dy^dz^ = New F, (42) 



18 



/// 
/// 



*■ 12 



^ 12 

If the poterUial exists^ then 

VPotr=NewF 

VxPotW = LapW (45) 

V.PotW = Max W. 
The first is written New V and read " The Newtonian of F"." 
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The reason for calling this integral the Newtonian is that if 
V represent the density of a body the integral gives the force 
of attraction at the point (o^, y^y z{) due to the body. This 
will be proved later. The second is written Zap W and 
read ^' the Laplacian of W." This integral was used to a 
considerable extent by Laplace. It is of frequent occurrence 
in electricity and magnetism. If W represent the current 
C in space the Laplacian of C gives the magnetic force at the 
point (xj, yj, z^) due to the current. The third is written 
Max W and read ^^ the Maxwellian of W.*' This integral was 
used by Maxwell. It, too, occurs frequently in electricity 
and magnetism. For instance if W represent the intensity 
of magnetization I, the Maxwellian of I gives the magnetic 
potential at the point (a;^ y^, z^ due to the magnetization. 

To show that the Newtonian gives the force of attraction 
according to the law of the inverse square of the distance. 
Let dm^ he any element of mass situated at the point 
(^9 Vv h)* ^^ force at (a^, y^, z^ due todmia equal to 

dm^ 

in magnitude and has the direction of the vector r^, from the 
point (x^y yit z^ to the point {x^y y^ 2^2)* Hence the force is 

Fin dm^ 

Integrating over the entire body, or over all space according 
to the convention here adopted, the total force is 

where V denotes the density of matter. 



^ 
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The integral may be expanded in terms of i, j, k, 



-sss 



la 



dv^. 



The three components may be expressed in terms of the po- 
tential (if it exists) as 

(42)' 
JJJ r'l, '~5yj ~ Sy^J J J Ti^ 



^a 



v^ 



It is in this form that the Newtonian is generally found in 
books. 

To show that the Laplacian gives the magnetic force per 
unit positive pole at the point (a;p y^ z{) due to a distribution 
W {x^ yj, z^) of electric flux. The magnetic force at (x^y y^, z^) 
due to an element of current dC^is equal in magnitude to 
the magnitude d C^ of that element of current divided by the 
square of the distance r^^ ; that is 

dO, 

The direction of the force is perpendicular both to the vector 
element of current dC^ and to the line r^^ joining the points. 
The direction of the force is therefore the direction of the 
vector product of r^, ^^'^ ^^v "^^ ioto^ is therefore 

^ la 

15 
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Integ^ting oyer all space, the total magnetic force acting at 
the point (jc^^ y^y z^ upon a unit positive pole is 

This integral may be expanded in terms of i» j, k. Let 

'la = («a - «i) i + Oa ~yi) J + («a - O^- 
The i, j, k components of Lap W are respectively 

(48y 

J . Lap W = JJjS^lUlM^^lH^Mav, 

In tetins of the potential (if one exists) this may be written 

, , „ QFotZ 5PotF 
i • Lap W = — = = 

*^ 9yi dzt 



) 



j.LapW = -^^-.^_, (48^ 

^ ^ „ PPotF SPotX 
k.LapW = — 5 5 

To show that if I be the intensity of magnetization at the 
point (x^ 939^3)9 ^^t is, if I be a vector whose magnitude is 
equal to the magnetic moment per unit volume and whose 



THE INTEGRAL CALCULUS OF VECTORS 227 

direction is the direction of magnetization of the element d v^ 
from south pole to north pole, then the Maxwellian of I is the 
magnetic potential due to the distribution of magnetization. 
The magnetic moment of the element of volume dv^ialdv^ 
The potential at (a;^ y^ z^ due to this element is equal to its 
magnetic moment divided by the square of the distance Vy^ 
and multiplied by the cosine of the angle between the direc- 
tion of magnetization I and the vector r^. The potential is 
therefore 

r^2 * I ^ ^s 
Is ' 

^ 12 

Integrating, the total magnetic potential is seen to be 



/// 



^^dv^^Ufoil. 
^ la 



This integral may also be written out in terms of x^ y, z. 
Let 

I (Pv Vv H) = i^ i^v Vt ««) + J ^ («2^ Vv H) + ^^ (^2» Vv ««) 
ri3 • I = (aj, - «i) ^ + O a - yi) ^ + («, - «i) C. 

If instead of x^y y^y z^ the variables x^y% z; and instead of 
^v y^} ^2 ^^ variables {, y;, (T be used^ the expression takes 
on the form given by Maxwell. 

MaxI = JJJj^(f-.x) + 5(i;-y)+i7(f-0)jidt;. 

According to the notation employed for the Laplacian 

Max W =///<"'-"'^>^+(y»-y^> ^+^''-'^>^di>,. 

(44)' 

^ Maxwell : Electridtj and Magnetisnii Vol. IL p. 9. 
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The Maxwellian of a vector function is a scalar quantity. 
It may be written in terms of the potential (if it exists) as 

Tiir ™ 3 Pot X P Pot r 5 VotZ ^^^^„ 

Max W= -^ + —5 + —Z (44)" 

5«i 9yi dz^ ^ ' 

This form of expression is much used in ordinaiy treatises 
upon mathematical physics. 

The Newtonian, Laplacian, and Maxwellian, however, should 
not be associated indissolubly with the particular physical 
interpretations given to them above. They should be looked 
upon as integrating operators which may be applied, as the 
potential is, to any functions of position in space. The New- 
tonian is applied to a scalar function and yields a vector 
function. The Laplacian is applied to a vector function 
and yields a function of the same sort. The Maxwellian 
is applied to a vector function and jrields a scalar function. 
Moreover, these integrals should not be looked upon as the 
derivatives of the potential. If the potential exists they 
are its derivatives. But they frequentiy exist when the 
potential &ils to converge. 

9L] Let V and W be such functions that their potentials 
exist and have in general definite values. Then by (27) and 
(29) 

V* V Potr= V • Pot vr= Pot V . vv. 

But by (46) V Pot F = New F, 

and V.PotVr=Max VF 

Hence V • V PotF= V • NewF= Max VF 

= PotV.VF (46) 

By(27)and(29) VV*PotW=VPot V.W=PotVV.W. 
But by (46) V- Pot W = Max W, 

and by (46) V Pot V • W = New V. W. 
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Hence VV • Pot W = V Max W = New V W 

= PotVV.W (47) 

By (28) V X V X Pot W = V X Pot V X W 

= Pot V X V X W. 
But by (46) V x Pot W = Lap W, 

and V X Pot V X W = Lap V x W. 

Hence V x V x Pot W = V x Lap W = Lap V x W 

= Pot V X V X W. (48) 

By (56), Chap. IH. V • V x Pot W = 0, 
or V . Pot V X W = 0. 

Hence V • Lap W = Max V x W = 0. (49) 

And by (52), Chap. IH. V x V Potr= 0, 
or VxPotVr=0. 

Hence V x New V = Lap V T = 0. (50) 

And by (58), Chap. IH. V x V x W = VV. W- V • VW, 

V.VW = VV.W-Vx Vx W. 
Hence V. V W = New V-W - Lap V x W, (51) 
or V • V W = V Max W — V x Lap W. 

These formnlsB may be written oat in terms of curl and 
div if desired* Thns 

div New V = Max V V, (46)' 

V Max W = New div W (47)' 

curl Lap W = Lap curl W (48)' 

div Lap W = Max curl W = (49)' 

curl New V = Lap V F = (50)' 

V- V W = New div W — Lap curl W. (51)' 
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Poisson's EqvAition 
92.] lot V he anyftmction in space such that the poterUicU 

PotF 
has in general a definite value. Then 

V • V Potr= - 47rr, (52) 

g« Potr a^Potr 5apotr__ 

This equation is known as Poisson's Equation. 

The integral which has been defined as the potential is a 
solution of Poisson's Equation. The proof is as follows. 

V,Potr=Newr=///'^d.,=///v,i- Vdv, 

Vi.ViPotr=Vi.Newr=MMV,r=rrri^i^^?L^dt»,. 



} 



The subscripts 1 and S haye been attached to designate 
cleariy what are variables with respect to which the differen- 
tiations are performed. 

Vi . Vi PotF= Vi • NewF= fff^i — • VjF rfv j. 
But Vi— =-V2 — 

andV,.(rVa;^')=Va;^.V,r+rV,.V,i-- 

\ ^12/ ^IS ^1» 
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Hence - V, — • V,F=rVa • V, V-.^rV,— "^ 

or v,i- .v,r=rv,.v,i-+v,.(rv,-iy 

^12 ^12 \ ^12/ 

Integrate : 

But Vj^.Vj — = 0. 

That is to say — satisfies Laplace's Equation. And by (8) 

Hence Vj • Vj Pot V=f C fv^ — • V^ Fd v^ (68) 
= f f V^i— •dti. 

J J a ^12 

The surface integral is taken over the surface which bounds 
the region of integration of the yolume integraL This is 
taken ^' over all space." Hence the surface integral must be 
taken over a sphere of radius B^ a large quantity, and S must 
be allowed to increase without limit At the point {x^^ yvZ^)^ 
however, the integrand of the surface integral becomes in- 
finite owing to the presence of the term 
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Hence the surface S must include not only the surface of the 
sphere of radius JS, but also the surface of a sphere of radius 
R'y9k small quantity, surrounding the point (x^, y^, z^ and jS ' 
must be allowed to approach zero as its limit - 

As it has been assumed that the potential of V exists, it is 
assumed that the conditions given (Art 87) for the existence 
of the potential hold. That is 

Vr^ < JT, when r is large 
Vr < JT, when r is small. 

Introduce polar coordinates with the origin at the point 
i^v Vv h)* Then r^, becomes simply r 



and V, — = — V, — = -^' 



r 
Then for the large sphere of radius R 






11 



Hence the sur&ce integral oyer that sphere approaches zero 
as its limit For 

Hence when R becomes infinite the surface integral oyer the 
large sphere approaches zero as its limit 
For the small sphere 

Vi — .rfa = 5 r* sine dOd6. 

Hence the integral oyer that sphere becomes 

^f frame de d^. 
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Let V be supposed to be finite and continuous at the point 
(Jh^ Vv h) ^^ch ^^ ^^^ selected as origin. Then for the 
surface integral V is practically constant and equal to its 
yalue 

at the point in question. 

Hence ^C Cvsiad dO d^^^^^wV 

when the radius JS' of the sphere of integration approaches 
zero as its limit. Hence 

and V. VPotr=-47rr. (62) 

In like manner if W is a vector function which has in 
general a definite potential, then that potential satisfies Pois- 
son's Equation. 

V . V Pot W = - 47r W. (62y 

The proof of this consists in resolving W into its three com- 
ponents. For each component the equation holds. Let 

V. VPotX=-49rZ; 
V. VPotF=-49r F, 

V . V Pot ^ = - 4 TT ^. 

Consequently 
V. VPot(Xi+ Fj + ^k) = -47r(Xi+ Fj + ^k). 
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Theorem : If V andW are such functions of position in space 
that their potentials exist in general, then for all points at which 
V and W are finite and continuous those potentials satisfy 
Foisson's Equation^ 

V . V Pot r = - 4 TT r, (52) 

V . V Pot W = - 4 TT W. (62)' 

The modifications in this theorem which are to be made at 
points at which V and W become discontinu^ous will not be 
taken up here. 
93.] It was seen (46) Art 91 that 

V . V Potr= V . Newr= Max VFl 
Hence V . New r= -4 tt T (68) 

or MaxVr=-47rr. 

In a similar manner it was seen (61) Art 91 that 

V • V Pot W = V Max W — V X Lap W 
= New V • W — Lap V x W. 

Hence V Max W - V x Lap W = - 47r W, (64) 
or NewV-W-Lap V xW = — 47rW. (64)' 

By yirtue of this equality W is divided into two parts. 

W = ^5— Lap V X W - :r- New V-W. (66) 
47r 47r 

Let W = Wi + W,, 

where Wt =i— Lap V x W = 7— Lap curl W (66) 
* 47r 47r 

and W, = -i^NewV.W=-:s^NewdivW. (67) 
" 47r 49r 
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Equation (55) states that any vector function W multiplied 
bj 4 TT is equal to the difference of the Laplacian of its curl 
and the Newtonian of its divergence. Furthermore 

V«Wi=7— V.LapVxW = 7— V.Vx Lap Wt . 

But the divergence of the curl of a vector function is zero. 

Hence V • Wj = div Wi = (58) 

1 1 

Vx W5= - T— VxNewV.Wn = -7— Vx VMaxWj. 

But the curl of the derivative of a scalar function is zero. 
Hence V x W^ = curl Wg = 0. (59) 

Consequently any vector function W which has a potential 
maybe divided into two parts of which one has no divergence 
and of which the other has no curL This division of W into 
two such parts is unique. 

In case a vector function has no potential but both its curl 
and divergence possess potentials, the vector function may be 
divided into three parts of which the first has no divergence ; 
the second, no curl; the third, neither divergence nor curL 

Let w = :;^LapVxW-:r^NewV-W + W3. (66y 
47r 4w 9 \ ^ 

As before 

-— V . Lap V X W = ^— V.VxPotVxW = 
47r 47r 

and 7- V X New V.W = ^VxVPotV.W = 0- 
47r 47r 

The divergence of the first part and the curl of the second 
part of W are therefore zero. 



? 
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rr-V X Lap VxW = 7-VxVxPotVxW 

= :j— VV-PotVx W-:j— V*VPotVx W. 
47r 47r 

ri. VV . Pot V X W = :j^ V Pot V . V X W = 0, 
47r 4w 

for V*VxW = 0. 

Hence ^ V • VPot V x W = V x W. 

47r 

Hence 7— V x Lap VxW = VxW = Vx Wi. 
4w * 

The curl of W is equal to the curl of the first part 

—- Lap V X W 
47r 

into which W is divided. Hence as the second part has no 
curl, the third part can have none. Moreover 

— T— VNewV*W = V.W = V«Wi. 
47r * 

Thus the divergence of W is equal to the divergence of 
the second part 

^ New V • W. 
47r 

into which W is divided. Hence as the first part has no 
divergence the third can have none. Consequently the third 
part Wg has neither curl nor divergence. This proves the 
statement. 

By means of Art 96 it may be seen that any function Wg 
which possesses neither curl nor divergence, must either 
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yanish throughout all space or must not become zero at 
infinity. In physics functions generally yanish at infinity. 
Hence functions which represent actual phenomena may be 
divided into two parts, of which one has no diyergence and 
the other no curl. 

94.] Definition : A vector function the divergence of which 
vanishes at every point of space is said to be solenoidal. A 
vector function the curl of which vanishes at every point of 
space is said to be irrotational. 

In general a vector function is neither solenoidal nor irrota- 
tionaL But it has been shown that any vector function which 
possesses a potential may be divided in one and only one 
way into two parts W^, W2 of which one is solenoidal and 
the other irrotational. The following theorems may be stated. 
They have all been proved in the foregoing sections. 

With respect to a solenoidal /uTic^ion W^, the operators 

r — Lap and V x or curl 

are inverse operators. That is 

J- Lap V X Wi = V X J- Lap Wj = Wj. (60) 

Applied to an irrotational /i^Tic^itw Wg either of these opera-- 
tors gives zero. That is 

— Lap W2 = , V X W, = 0. (61) 

With respect to an irrotational function Wj^ the operators 

- — New and — v • ^ "" div 
47r 

are inverse operators. That is 

_i^NewV.Wa = -V~NewWa = Wo. (62) 

47r * 47r * 



5 
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With respect to a scalar /imc^iwi V iJie operators 

— V • or — div and -. — New, 

and also — -^ — Max and V 

47r 

are inverse operators. That is 

-V.^Newr=r (63) 

and --^MaxVr=F: 

Wiih respect to a solenoidal/i^Tio^itm W^ tJie opercUors 

•r— Pot and V X V X or curl curl 
47r 

are inverse operators. That is 

^ Pot V X V X Wi = V X V X 7— Pot Wi = Wr (64) 
47r 47r i v -^ 

With respect to an iirotational /t^nc^i(m W2 the operators 

r— Pot and — VV« 
47r 

ar« tTii^tfrM operators. That is 

-;^PotVV.W, = -VV.;^PotWa = W3.(66) 

TTt^A respect to any scalar or vector function V, W ttd 
oj^era^f 

5— Pot and — V • V 
4w 

ar« inverse operators. That is 
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_ J_ Pot V. V r= - V. Vt^ Pot r=F 

and -;^PotV.VW = -V.V;ji- PotW = W. (66) 

4 TT 4 TT 

With respect to a solenoidal function WitJie differentiating 
operators of the second order 

— V • V and V x V x 
are equivalent 

- V . V Wi = V X V X Wi. (67) 

With respect to an irrotational function W^ the differentiate 
ing operators of the second order 

V • V and V V • 
are equivalevi. That is 

V.VW3 = VV.Wa. (68) 

By integrating the equations 

47rr=-V.Newr 
and 4 TT W = V X Lap W — V Max W 

by means of the potential integral Pot 

47rPotF=-PotV.NewF=-MaxNewF (69) 
47r Pot W = Pot V X Lap W - Pot V Max W 
4 TT Pot W = Lap Lap W - New Max W. (70) 
Heiicefor qc2l\bx functions and irrotational vector functions 

— z — New Max 
47r 

is an operator which is equivalent to Pot, For solenoidal vector 

functions the operator ^ 

— T— Lap Lap 
47r 



240 VECTOR ANALYSIS 

gives the poterUial. For any vector function the first operator 
gives the potential of the irrotational part; the second^ the 
potential of the solenoidal part 

*95.] There are a number of double volume integrals which 
are of such frequent occurrence in mathematical physics as 
to merit a passing mention, although the theory of them will 
not be developed to any considerable extent These double 
integrals are all scalar quantities. They are not scalar func- 
tions of position in space. They have but a single value. 
The integrations in the expressions may be considered for 
convenience as extended over all space. The functions by 
vanishing identically outside of certain finite limits deter- 
mine for all practical purposes the limits of integration in 
case they are finite. 

Given two scalar functions [7, V of position in space. 
The mutual poterUial or potential product^ as it may be called, 
of the two functions is the sextuple integral 

Pot (^>n=///// /^^"^-^^'%^ ^^"^'""''^ dv, iv, 

*"" (71) 

One of the integrations may be performed 

Fot <iU,V:}= J J Ju{x^,y^,z{) FotVdv^ 

=fff^(^2^ Vv «2) ^otUdv^. (72) 

In a similar manner the mutual potential or potential product 
of two vector functions W, W" is 

Pot(W^W")=///// /^^<"^'y^'^>•^"^^-y"'^> dv,dv, 

**" (71)' 

This is also a scalar quantity. One integration may be car- 
ried out 
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Pot (W, W") =///w'(^' Vv «i) • Po* W" rf»i 

The twutual Zaplaeian or Laplacian product of two 
vector fonctions W', W" of position in space is the sextuple 
integral 

Lap(W',W") 

" (78) 

One integration may be performed. 

Lap (W, W")= r f fw" (x^ y^ z^) . Lap Wdv^ 

(74) 

^fff^' («i. yp «i) • Lap W" d^i. 

The Newtonian product of a scalar function V^ and a vector 
function W of position in space is the sextuple integral 

New(F,W)=JJjyjJw(a^,yp^).^ r(^^ dv^. 

" (75) 

By performing one integration 

New ( r, W) ^fff^ iP^v Viy «2) • New Fd v^. (76) 

In like manner the Maxwellian product of a vector function 
W and a scalar function V of position in space is the 
integral 

(77) 
10 
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One mtegp:ation yields 

(78) 
By (68) Art. 98. 

47r trPotr= - (V . New tT) Potr. 

V* [NewITTotr] =(V. New U) PotF+ (NewZ7).VPotr. 

- (V . NewZT) Potr=- V . {NewUFotV']+ NewJ7. NewT. 

Integrate: 

i7rfffuFotVdv = ^fffv*[TSewUFotVlidv 
+ r r fNewtr . NewF rf v. 

47rPot(Z7;r)= r r fNewJZ. NewFrft; 

- r r Pot FNew Z7. rf ft. (79) 

The surface integral is to be taken oyer the entire surface S 
bounding the region of integp:ation of the volume integral. 
As this region of integp:ation is ^ all space," the surface S may 
be looked upon as the surface of a large sphere of radius jB. 
If the functions CTand F vanish identically for all points out- 
side of certain finite limits, the surface integral must yanish. 
Hence 

47rPot(Cr,F)=rrrNewZ7.NewFdf;. (79)' 

By (64) Art 98, 

47r W. Pot W = V X Lap W" • Pot W 
-VMaxW'-PotW'. 
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But V . [Lap W" X Pot W] = Pot W • V x Lap W" 

- Lap W" . V X Pot W', 
and V . [Max W" Pot W] = Pot W • V Max W" 

+ Max W" V . Pot W. 

Hence V x Lap W" • Pot W = V • [Lap W" x Pot W] 

+ Lap W" . Lap W, 

and V Max W" • Pot W = V • [Max W" Pot W] 

- Max W" Max W. 
Hence substituting: 

4 IT W" • Pot W = Lap W . Lap W + Max W Max W" 

+ V . [Lap W" X Pot W] 

-V. [Max W" Pot W']. 
Integrating-' 

4 IT Pot (W', W") = f(f^V^'' lAP W'di; 

+ rrrMaxW'MaxW"rf» (80) 

-C C PotW X LapW'rfa- C C Max WPotW'.rfa 

If now W' and W" exist only in finite space these surface 
integrals taken over a large sphere of radius JZ must vanish 
and then 

4 T Pot CW', W") =fff^^P W • Lap W" dv 

+ fj'f Max W Max W" d v. (80)' 

• 96.] There are a number of useful theorems of a function- 
theoretic nature which may perhaps be mentioned here owing 



d 
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to their intiinate connection with the integral calcalas of 
yectors. The proofs of them will in some instances be giyen 
and in some not. The theorems are often nsefol in practical 
applications of yector analysis to physics as well as in purely 
mathematical work. 

Theorem : If V (x^y^z) be a scalar function of position 
in space which possesses in general a definite derivative W 
and if in any portion of space, finite or infinite but necessarily 
continuous^ that derivative vanishes, then the function V is 
constant throughout that portion of space. 

Given VF=0. 

To show F'= const 

Choose a fixed point (x^^ y^ z^) in the region. By (2) page 
180 

P"''' Vr.rfr=r(rD,y,«)-F(a:i,ypZi). 

But fw*dT=fo.dT = 0. 

Hence F(iB, y, «) = F (»i, y^, z^) = const. 

Theorem : If F (a:, y, «) be a scalar function of position 
in space which possesses in general a definite derivative V F; 
if the divergence of that derivative exists and is zero through- 
out any region of space,^ finite or infinite but necessarily 
continuous ; and if furthermore the derivative V F vanishes 
at every point of any finite volume or of any finite portion of 
surface in that region or bounding it, then the derivative 
vanishes throughout all that region and the function F re- 
duces to a constant by the preceding theorem. 

^ The tenn ihroughmd ang region of tpaee most be regarded ai indoding the 
kmmdariu of tlie i^on ai weU aa tbe region itaelt 
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Given V • VF= for a region T, 

and V F= for a finite portion of surface S. 

To show F= const 

Since VF vanishes for the portion of surface SyVis certainly 
constant in S. Suppose that, upon one side of 8 and in the 
region T^ V were not constant. The derivative V V upon 
this side of S has in the main the direction of the normal to 
the surface 8. Consider a sphere which lies for the most 
part upon the outer side of S but which projects a little 
through the surface 8. The surface integral of VF over 
the small portion of the sphere which projects through the 
surface 8 cannot be zero. For, as V F is in the main normal 
to 8y it must be nearly parallel to the normal to the portion 
of spherical surface under consideration. Hence the terms 

VF. rfa 

in the surface integral all have the same sign and cannot 
cancel each other out. The surface integral of V F over 
that portion of 8 which is intercepted by the spherical sur- 
face vanishes because VFis zero. Consequently the surface 
integral of VF taken over the entire surface of the spherical 
segment which projects through 8 is not zero. 

But rfvF. rfa= rrfv. VFrft? = 0- 

Hence C Cw^d^-O. 

It therefore appears that the supposition that F is not 
constant upon one side of 8 leads to results which contradict 
the given relation V • V F = 0. The supposition must there- 
fore have been incorrect and F must be constant not only in 
S but in all portions of space near to jSf in the region T. By 
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an extension of the reasoning V is seen to be constant 
throughout the entire region T. 

ITieorem : If F (a:, y, «) be a scalar function of position in 
space possessing in general a derivative V V and if through- 
out a certain region ^ T ot space, finite or infinite, continuous 
or discontinuous, the divergence V • V F of that derivative 
exists and is zero, and if furthermore the function F' possesses 
a constant value c in all the surfaces bounding the region 
and V{xj y, z) approaches c as a limit when the point (a?, y, z) 
recedes to infinity, then throughout the entire region T the 
function V has the same constant value c and the derivative 
V V vanishes. 

The proof does not differ essentially from the one given 
in the case of the last theorem. The theorem may be gen- 
eralized as follows : 

Theorem : If F(x, y, z) be any scalar function of position 
in space possessing in general a derivative W; itU (x, y, «) 
be any other scalar function of position which is either posi- 
tive or negative throughout and upon the boundaries of a 
region T, finite or infinite, continuous or discontinuous; if 
the divergence V«[I7'Vr] of the product of U and W 
exists and is zero throughout and upon the boundaries of T 
and at infinity; and if furthermore The constant and equal 
to c upon all the boundaries of T and at infinity; then the 
function V is constant throughout the entire region T and 
is equal to e. 

7%eorem ; If V(x, y, z) be any scalar function of position 
in space possessing in general a derivative V V; if through- 
out any region T of space, finite or infinite, continuous or 
discontinuous, the divergence V • V F of this derivative exists 
and is zero ; and if in att the bounding surfaces of the region 
T the normal component of the derivative VF vanishes and 
at infinite distances in T (if such there be) the product 

^ The ngion indndoi its bonndariM. 
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T^d Vj S T vanishes, where r denotes the distance measured 
from any fixed origin ; then throughout the entire region T 
the derivative VF vanishes and in each continuous portion 
of r F is constant, although for different continuous portions 
this constant may not be the same. 

This theorem may be generalized as the preceding one 
was by the substitution of the relation V • ( J7 V F) = for 
V.Vr=Oand Ur^9V/9r = ioi r^9V/ 9r = 0. 

As corollaries of the foregoing theorems the followin^r 
statements may be made. The language is not so precise 
as in the theorems themselves, but will perhaps be under- 
stood when they are borne in mind. 

If V CT = V r, then CT and T differ at most by a 
constant. 

If V^VJ7=:V.Vr and if VJ7 = VFin any finite 
portion of surface 5, then Vi7= VFat all points and U 
differs from V only by a constant at most. 

If V.V?7= V^Vr and if U= T in all the bounding 
surfaces of the region and at infinity (if the region extend 
thereto), then at all points Usknd Faro equal. 

If V» VJ7= V» VFand if in all the bounding surfaces 
of the region the normal components of VU and VFare 
equal and if at infinite distances r^(9 V'/9r — 9 V/9r) is 
zero, then V J7and V Fare equal at all points of the region 
and J7 differs from V only by a constant 

Theorem : If W ' and W " are two vector functions of position 
in space which in general possess curls and divergences ; if 
for any region T, finite or infinite but necessarily continuous, 
the curl of W' is equal to the curl of W" and the divergence 
of W' is equal to the divergence of W"; and if moreover 
the two functions W' and W" are equal to each other at 
every point of any finite volume in T or of any finite surface 
in T or bounding it; then W' is equal to W" at every point 
of the region T. 
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Since V x W = V x W", V x (W' - W") fc= 0. A vec- 
tor function whose curl vanishes is equal to the derivative ^ 
of a scalar function V (page 197). Let vr=W' — W". 
Then V • V V=^ owing to the equality of the divergences. 
The theorem therefore becomes a corolla]^ of a preceding one. 

Theorem : If W' and W" are two vector functions of posi- 
tion which in general possess definite curls and divergences ; 
if throughout any aperiphractic^ region T^ finite but not 
necessarily continuous, the curl of W' is equal to the curl of 
W^^ and the divergence of W^ is equal to the divergence of 
W''; and if furthermore in all the bounding surfaces of the 
region T the tangential components W' and W" are equal; 
then W^ is equal to W'^ throughout the aperiphractic region T. 

Theorem : If W^ and W'' are two vector functions of posi- 
tion in space which in general possess definite curls and 
divergences ; if throughout any acyclic region T, finite but not 
necessarily continuous, the curl of W' is equal to the curl 
W" and the divergence of W' is equal to the divergence of 
W''; and if in all the bounding surfaces of the region T the 
normal components of W' and W" are equal ; then the func- 
tions W' and W" are equal throughout the region acyclic T. 

The proofs of these two theorems are carried out by means 
of the device suggested before. 

Theorem ; If W' and W" are two vector functions such 
that V • V W' and V • V W" have in general definite values 
in a certain region Tj finite or infinite, continuous or discon- 
tinuous ; and if in oZ/ the bounding surfaces of the region 
and at infinity the functions W' and W'^ are equal ; then W' 
is equal to W'' throughout the entire region T. 

The proof is given by treating separately the three com- 
ponents of W' and W''. 

1 The region T mmj hare to be made acjclie bj tbe insertion of diapbimgms. 
' A region whicb encloees within itself another r^on ia said to be peripkra^ 
tie. If it endoses no region it is aperipkractie. 
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SUMBiABY OP ChAPTBB IV 

The line integral of a vector function W along a cunre C is 
defined as 

C WdT=:f IVr^dx + Vr^dy + W^dz]. (1) 

The line integral of the derivative V F of a scalar function 

V along a curve C from To to r is equal to the difference 
between the values of Fat the points r and ro and hence the 
line integral taken around a closed curve is zero ; and con- 
versely if the line integral of a vector function W taken 
around any closed curve vanishes, then W is the derivative 

V F of some scalar function V. 



I 



" vr. dt = r(r) - r(r.) (2) 

r© 



f: 



Vr.dr = (8) 



and if f W • rfr = 0, then W = VT. 

Illustration of the theorem by application to mechanics. 

The surface integral of a vector function W over a surface 
S is defined as 

r r W •dti^f f [JFj dy dz + W^ dz dx + W^ dx dy']. 

Gauss's Theorem : The surface integral of a vector func- 
tion taken over a closed surface is equal to the volume 
integral of the divergence of that function taken throughout 
the volume enclosed by that surface 
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or 



^ 



— ff [Xdydz+ Ydzdx + Zdxdy}^ (8) 

if X, T^ Zhe the three components of the vector function W- 
Stokes's Theorem: The surface integral of the curl of a 
vector function taken over any surface is equal to the line 
integral of the function taken around the line bounding the 
surface. And conversely if the surface integral of a vector 
function XT taken over any surface is equal to the line integral 
of a function W taken around the boundary, then XT is the 
curl of W. 

//^VxW.rfa=/^W.rfr, (U) 

and if JJJJ • dti^JW • dr, then U = V x W. (12) 

Application of the theorem of Stokes to deducing the 
equations of the electro-magnetic field from two experimental 
facts due to Faraday. Application of the theorems of Stokes 
and Gauss to the proof that the divergence of the curl of 
a vector function is zero and the curl of the derivative of 
a scalar function is zero. 

Formulae analogous to integration by parts 

I uV V • dT^^luvJi^^ — j vV u • dty (14) 

J /^Vt* X V • rfa =/q uy* ^t^ — JJ w V X ▼• rfa, (16) 
jjj^^ xVvd^^J^u V 1? • dr = —Jo^^'^ • rfr» (16) 
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i j juV*Ydv — j j UY •d9L— i i jVu*YdVj (17) 

ff VUXY •d9L = '-' I f f^'^* V XYdv. (18) 

Green's Theorem: 
I I f^ ^ .V vdv= jjuVvdtL'-'jjjuV* Vvdv 

=^CC vVu • dti-j i ivV •V udvj (19) 

CfC{uV*Vv'-'vV*Vu)dv=CC(uVv'^vVu)*d9L.{20) 

Kelvin's generalization: 
i j iwVu^Vvdv^^ j j uwVv»d9L^ f I ru*V[wVv]dv 

=^j jvwVu'dtL-- j j jvV*\wVu]dv. (21) 

The integrating operator known as the poterUial is defined 
hy the equation 

Pot ^=fff ^^^^^^^^"^^^ dx^ dy^ dz^. (22) 

Pot W ^J J J^^L^E^I^^ dx^ dy^ dz^. (23) 

VPotr=PotVF; (27) 

V X Pot W = Pot V X W, (28) 

V . Pot W = Pot V . W, (29) 

V . V Pot r= Pot V . vr, (80) 



i 
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V . V Pot W = Pot V . V W, (81) 

VV . Pot W = Pot VV • W, (82) 

V X V X Pot W = Pot V X V X W. (88) 

The integrating operator Pot and the differentiating operator 
V are commutative. 

The three additional integrating operators known as the 
Newtonian^ the Lapladan^ and the Maxwdlian. 

New v^JJJIhIS^lM^ dx^ dy^ dz^ (42) 

Lap W =/// '" ^ ^^2^ ''*' '^ dx, dy, dz^ (48) 
Max W =JJpJLLJ!.^ryv^ ^^^ ^^^ ^^ ^44^ 

If the potential exists these integrals are related to it as fol- 
lows: 

VPotr=Newr, 

V X Pot W = Lap W, (46) 

V.PotW = MaxW. 

The interpretation of the physical meaning of the Newtonian 
on the assumption that V is the density of an attracting 
body, of the Laplacian on the assumption tiiat W is electric 
flux, of the MaxweUian on tiie assumption that W is the 
intensity of magnetization. The expression of these integ^rals 
or tlieir components in terms of x^y^t; formuln (42)', (48)', 
(44)' and (42)", (48)", (44)". 

V . New r= Max V r, (46) 

VMaxW = NewV.W, (47) 

V X Lap W = Lap V X W, (48) 
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V • Lap W = Max V x W = 0, (49) 

V X New r= Lap Vr= 0, (60) 

V • V W = New V • W — Lap V x W 

= V Max W - V X Lap W. (61) 

The potential is a solution of Poisson's Equation. That is, 
V- VPotF=-4^r, (62) 

and V-VPotr=-4^W. (62y 

F=7^ V-NewT, (68) 

4w 

W = 7— Lap V X W - 7— New V • W. (65) 
4w 4 w ^ ^ 

Hence W is divided into two parts of which one is 
solenoidal and the other irrotational, provided the potential 
exists. In case the potential does not exist a third term Wg 
must be added of which both the divergence and the curl 
vanish. A list of theorems which follow immediately from 
equations (62), (52)'» (63), (65) and which state that certain 
integrating operators are inverse to certain differentiating 
operators. Let F be a scalar function, W, a solenoidal vector 
function, and Wj an irrotational vector function. Then 

j-LapVxWi = Vx^LapWi = Wi. (60) 

^LapWa = 0, VxWa = (61) 

--J— NewV.Wa = -V.;^ NewW, = W~ (62) 
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{ 



^'T (68) 

^ Max vr= r. 



— Pot V X V X Wi = V X V X Pot Wi = Wi (64) 

-5^PotVV.W- = -V.V:j^PotW, = W,. (66) 
4ir ■* 4Tr 



I 



? 



- :^ Pot V . vr= - V . V :t^ Pot r= r 

4ir 4ir 

1 1 (66) 

-— PotV.VW = -V*V-— PotW=W. 
4w" 47r 

- V . V Wi = V X V X Wi (67) 

V*VW3 = VV.Wa (68) 

4 w- Pot r = - Max New T (69) 

4 w Pot W = Lap Lap W - New Max W. (70) 

Mutual potentials Newtonians, Laplacians, and Maxwellians 
may be formed. They are sextuple integrals. The integra- 
tions cannot all be performed immediately ; but the first three 
may be. FormulsB (71) to (80) inclusive deal with these inte- 
grals. The chapter closes with the enunciation of a number 
of theorems of a function-theoretic nature. By means of 
these theorems certain facts concerning functions may be 
inferred from the conditions that they satisfy Laplace's equa- 
tion and have certain toundary conditions. 

Among the exercises number 6 is worthy of especial atten- 
tion. The work done in the text has for the most part assumed 
that the potential exists. But many of the formulce connecting 
Newtonians^ Lapladans^ and MaxweUians hold when the poten- 
tial does not exist. These are taken up in Exercise 6 referred to. 
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EXEECISES ON ChAPTEB IV 

1.^ If F is a scalar function of position in space the line 
integral 

is a vector quantity. Show that 

fvdT^- f f Vrxd9L=: ffdtLXVV. 
Jo J J a J Ja 

That is; the line integral of a scalar function around a 
closed curve is equal to the zktw surface integral of the deriv- 
ative of the function taken over any surface spanned into 
the contour of the curve. Show further that if Fis constant 
the integral around any closed curve is zero and conversely 
if the integral around any closed curve is zero the function V 
is constant. 

Hint: Instead of treating the integral as it stands multiply 
it (with a dot) by an arbitrary constant unit vector and thus 
reduce it to the line integral of a vector function. 

2. If W is a vector function the line integral 



=/. 



W X dx 



is a vector quantity. It may be called the zktw line integral 
of the function W. If c is any constant vector, show that if 
the integral be taken around a closed curve 

H.o=/ / (c V.W — €• VW)»rfa = o. / Wxrfr, 

^ The first four exercises are taken from Foppl's Emfiihrang in die Max- 
well'sche Theorie der Electricitat where they are worked oat. 
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and E.'0 = o. \ff^V.WdtL-ff^V(yr-dtL)^ 

+ /Xw.[c.V(rfa)]. 

In case the integral is taken over a plane curve and the 
surface S is the portion of plane included by the curve 

H = J*J]^[V.Wda-V(W.da)]. 

Show that the integral taken over a plane curve vanishes 
when W is constant and conversely if the integral over any 
plane curve vanishes W must be constant. 

3. The surface integral of a scalar function Via 

This is a vector quantity. Show that the surface integral 
of V taken over any closed surface is equal to the volume 
integral of VF" taken throughout the volume bounded by 
that surface. That is 

Hence conclude that the sur&ce integral over a closed sur- 
face vanishes if F be constant and conversely if the surface 
integral over any closed surface vanishes the function V must 
be constant. 

4. If W be a vector function, the surface integral 



=//, 



da X W 



may be called the skew surface integral. It is a vector 
quantity. Show that the skew surface integral of a vector 
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function taken over a closed surface is equal to the volume 
integral of the vector function taken throughout the volume 
bounded by the surface. That is 

Hence conclude that the skew surface integral taken over 
any surface in space vanishes when and only when W is an 
irrotational function. That is, when and only when the line 
integral of W for every closed circuit vanishes. 

5. Obtain some formulse for these integrals which are 
analogous to integrating by parts. 

6. The work in the text assumes for the most part that the 
potentials of Fand W exist. Many of the relations, however, 
may be demonstrated without that assumption. Assume that 
the Newtonian, the Laplacian, the Maxwellian exist. For 
simplicity in writing let 

^la ^ 12 

Then New V ^J J Jv^ p^^ V(x^ Vv^^)^ ^v (81) 

Lap W =///Vil>ia x W (x^, y^ »,) dv^, (82) 

Max W =/// Vii)ia .W (x^ yj, z^)dv^, (88) 
Vil>ia = -Vai)ia (84) 

17 
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By exercise C^^fff^2 (Pi2 ^ ^^« ""ff^^^ ^^^ 

It can be shown that if F is such a function that New V 
exists, then this surface integral taken over a large sphere of 
radius jR and a small sphere of radius B' approaches zero 
when B becomes indefinitely great; and B\ indefinitely 
small. Hence 



fff^^P'^^^''^^''fffP'^^^^^' 



V 



or New r= Pot V V. (85) 

Prove in a similar manner that 

Lap W = Pot V X W, (86) 

MaxW = PotV.W. (87) 

By means of (85), (86), (87) it is possible to prove that 
V X Lap W = Lap V x W, 
V.New r=:Max Vr, 

V Max W = New V • W. 
Then prove 

V X LapW= r r fpij VV.W dv^ ~J J J ^w^'^^^^'a 
and VMaxW=r rfpia VV.W dv^. 

Hence V X Lap W — V Max W = — f j fpn^'^^ dv^ 

Hence V x Lap W- V Max W = 4 tt W. (88) 

7. An integral used by Helmholtz is 
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or if W be a vector function 

Show that the integral converges if V diminishes so rapidly 
that 

when r becomes indefinitely great. 

V JTCF) = ^(VF) = New (r« F), (91) 

V . JTCW) = 5^ (V . W) = Max (r^ W), (92) 

Vx J5r(W)=^(Vx W) = Lap(r«W), (98) 

V.VJ3'(F) = ^(V.VF) = Max(r«VF) = 2PotF (94) 

V.VJ2'(W)=-ff(V.VW) = 2PotW. (95) 

fi^(F) =- ^ Pot Pot F: (96) 

fi^(W) = -^PotPotW. (97) 

-2W = VxVxJ5r (W) + VV . JT (W). (98) 

8. Give a proof of Gauss's Theorem which does not depend 
upon the physical interpretation of a function as the flux of a 
fluid. The reasoning is similar to that employed in Art. 61 
and in the first proof of Stokes's Theorem. 

9. Show that the division of W into two parts, page 285, 
is unique. 

10. Treat, in a manner analogous to that upon page 220, 
the case in which V has curves of discontinuities. 



CHAPTER V 

UNEAB VECTOR FUNCTIONS 

97.] After the definitions of products had been laid down 
and applied, two paths of advance were open. One was 
differential and integral calculus ; the other, higher algebra 
in the sense of the theory of linear homogeneous substitutions. 
The treatment of the first of these topics led to new ideas 
and new symbols — to the derivative, divergence, curl, scalar 
and vector potential, that is, to V, V», Vx, and Pot with the 
auxiliaries, the Newtonian, the Laplacian, and the Maxwellian. 
The treatment of the second topic will likewise introduce 
novelty both in concept and in notation — the linear vector 
function, the dyad, and the dyadic with their appropriate 
symbolization. 

The simplest example of a linear vector function is the 
product of a scalar constant and a vector. The vector r' 

r' = cr (1) 

is a linear function of r. A more general linear function 
may be obtained by considering the components of r individ- 
ually. Let ij, k be a system of axes. The components of 

r are 

i • r, j • r, k • r. 

Let each of these be multiplied by a scalar constant which 
may be different for the different components. 



^1 



It, CjJT, CgkT. 
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Take these as the components of a new vector r' 

r' = i (cii.r) + j (CaJT) + k (cak.r). (2) 

The vector r' is then a linear function of r. Its components 
are always equal to the corresponding components of r each 
multiplied by a definite scalar constant. 

Such a linear function has numerous applications in geom- 
etry and physics. If, for instance, i, j, k be the axes of a 
homogeneous strain and Cy^ c,, e^ the elongations along these 

axes, a point 

r = ia;+j y + k« 

becomes r' = i c^ a? + j Cj y + k Cg «, 

or r' = ici i • r + j <?2 j • r + k C3 k • r. 

This sort of linear function occurs in the theory of elasticity 
and in hydrodynamics. In the theory of electricity and 
magnetism, the electric force E is a linear function of the 
electric displacement D in a dielectric. For isotropic bodies 
the function becomes merely a constant 

E = A;D. 

But in case the body be non-isotropic, the components of the 
force along the different axes will be multiplied by different 
constants k^^k^ k^. Thus 

E = iA;ii.D + jiaJ.D + kigk.D. 

The linear vector function is indispensable in dealing with 
the phenomena of electricity, magnetism, and optics in non- 
isotropic bodies. 

98.] It is possible to define a linear vector function, as has 
been done above, by means of the components of a vector. 
The most general definition would be 



3 
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Definition : A vector r' is said to be a linear vector func- 
tion of another vector r when the components of r' along 
three non-coplanar vectors are expressible linearly with scalar 
coefficients in terms of the components of r along those same 
vectors. 

K r = ica + y b + 2;c, where [abc] ^ 0, 

and r' = a;'a + y'b + 2'c, 

and if x' = a^x + biy + e^z^' 

y' =za^x + h^y + e^Zj (8) 

z' = a^x+ b^y + c^z^ 

then r' is a linear function of r. (The constants o^, &p c^, 
etc., have no connection with the components of a, b, e par- 
allel to i, j, k.) Another definition however is found to be 
more convenient and from it the foregoing may be deduced 
Definition: A continuous vector function of a vector is 
said to be a liruar vector function when the function of the 
sum of any two vectors is the sum of the functions of those 
vectors. That is, the function /is linear if 

/(ri + r,)=/(ri)+/(r,). (4) 

Theorem •* If a be any positive or negative scalar and if / 
be a linear function, then the function of a times r is a times 
the function of r. 

/Cat)^a/(t). (5) 

And hence 

/(airi + a,r, + agr8+...) 

= «i/(ri) + a^f(TO+ «8/('8) + • • • (5> 

The proot of this theorem which appears more or less 
obvious is a trifle long. It depends upon making repeated 
use of relation (4). 

/(r + r)=/(r)+/(r) = 2/(r). 
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Hence /(2r) = 2/(r). 

In like manner f(nT) = nf (r) 

where n is any positive integer. 

Let m be any other positive integer. Then by the relation 
just obtained 

/(r)=/(«.^)=./(^) 

Hence / ( n—)=/( — r)= — / (t:>. 

That is, equation (5) has been proved in case the constant a 
is a rational positive number. 
To show the relation for negative numbers note that 

/(0)=/(0 + 0) = 2/(0). 

Hence /(0) = 0. 

But /(O) =/(r-r) =/(r +(-r)) =/(r) +/(-r). 

Hence /(') = -/(- 0- 

To prove (5) for incommensurable values of the constant 
a, it becomes necessary to make use of the continuity of the 
function/. That is 



f./(")=/(if,<")) 



LiM 

X 



Let X approach the incommensurable number a by passing 
through a suite of commensurable values. Then 

/(a;r) = a!/(r). 
Hence L™ /(a:r)=a/(r) 

X m^ CL 



? 
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^™ (a;r)=ar. 

Hence f(aT) = af (r) 

which proves the theorem. 

Theorem: A linear vector function /(r) is entirely deter- 
mined when its values for three non-coplanar vectors a, b, o are 
known. 

Let l=/(a), 

m=/(b), 

n=/(o). 

Since r is any vector whatsoever, it may be expressed as 

r = iBa + yb + ao. 
Hence / (r) = a? 1 + y m + 2; n. 

99.] In Art 97 a particular case of a linear function was 
expressed as 

r' = i Cj i • r + j Cj j • r + k Cj k • r. 

For the sake of brevity and to save repeating the vector r 
which occurs in each of these terms in the same way this 
may be ni^ritten in the symbolic form 

r' = (icii + jcaj + kcgk).r. 

In like manner if a^ a^ a, • • • be any given vectors, and b^ b^ 
b3, • » • another set equal in number, the expression 

r' = ai bj-r + agbj-r + agbg*r + ••• (6) . 

is a linear vector function of r ; for owing to the distributive 
character of the scalar product this function of r satisfies 
relation (4). For the sake of brevity r' may be written sym- 
bolically in the form 

r' = (aj bi + aj bj + a, bg + . . .) • r. (6/ 
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No particular physical or geometrical significance is to be 
attributed at present to the expression 

(ai bi + a^ba + ajbg + . . .)• (7) 

It should be regarded as an operator or symbol which con- 
verts the vector r into the vector r' and which merely 
affords a convenient and quick way of writing the relation 
(6). 

Definition: An expression ab formed by the juxtaposition 
of two vectors without the intervention of a dot or a cross is 
called a dyad. The symbolic sum of two dyads is called a 
dyadic binomial ; of three, a dyadic trinomial ; of any num- 
ber, a dyadic polynomial. For the sake of brevity dyadic 
binomials, trinomials, and polynomials will be called simply 
dyadics. The first vector in a dyad is called the antecedent ; 
and the second vector, the consequent. The antecedents of a 
dyadic are the vectors which are the antecedents of the 
individual dyads of which the dyadic is composed. In like 
manner the consequents of a dyadic are the consequents of 
the individual dyads. Thus in the dyadic (7) a^, aj, aj • • • are 
the antecedents and b^, b,, bg • • • the consequents. 

Dyadics will be represented symbolically by the capital 
Greek letters. When only one dyadic is present the letter 
will generally be used. In case several are under consid- 
eration other Greek capitals will be employed also. With 
this notation (7) becomes 

(P = aibi + a,b, + a3b3 + ..., (7y 

and (6)' may now be written briefly in the form 

r' = (J . r. (8) 

By definition <P t = a^ b^ • r + a, bj t + aj bj • r + . . . 

The symbol (P*r is read dot r. It is called the direct 
product of into r because the consequents b^, b,, bg • • • are 
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multiplied into r by direct or scalar multiplication. The 
order of the factors and r is important. The direct 
product of r into is 

r. (iP = r.(aibi + aaba + a8b8+-) 

= r •ajbi + r^ajbj + r-agbg + ••• (9) 

Evidently the vectors • r and r • are in general different. 

Definition : When the dyadic is multiplied into r as CP • r, 
is said to be a pre/actor to r. When r is multiplied in CP as 
r • (P, CP is said to be a post/actor to r. 

A dyadic used either as a pre/actor or as a postf actor to a 
vector r determines a linear vector function of r. The two linear 
vector functions thus obtained are in general different from 
one another. They are called conjugate linear vector func- 
tions. The two dyadics 

(P = aj bi + aj bj + ag bg + . . - 
and y = bj a^ + bj a, + bg ag + • • . » 

each of which may be obtained from the other by inter- 
changing the antecedents and consequents, are called conjvr 
gate dyadics. The fact that one dyadic is the conjugate of 
another is denoted by affixing a subscript C to either. 

Thus y= 00 0^Vc. 

Theorem: A dyadic used as a postf actor gives the same 
result as its conjugate used as a prefactor. That is 

r.<P=(P^.r. (9) 

100.] Definition : Any two dyadics and ¥ are said to 
be eqttal 

when (P • r = y • r for all values of r, 

or when r • (P = r • JF for all values of r, (10) 

or when • • <P • r =• • ^ • r for all values of • and r. 
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The third relation is equivalent to the first. For, if the 
vectors • r and W •! are equal, the scalar products of any 
vector • into them must be equal. And conversely if the 
scalar product of any and every vector 8 into the vectors • r 
and S^^r are equal, then those vectors must be equal. In 
like manner it may be shown that the third relation is equiva- 
lent to the second. Hence all three are equivalent. 

Theorem : A dyadic is completely determined when the 

^»l'^«« (P.a, 0.^^ 0.C 

where a, b, e are any three non-coplanar vectors, are known. 
This follows immediately from the fact that a dyadic defines 
a linear vector function. If 

r = aja + yb+2;c, 

0.r=0»(^xtL+yh + ze) = x0*9k + y0*h + z0»o^ 

consequently two dyadics and ¥ are equal provided equa- 
tions (10) hold for three non-coplanar vectors r and three 
non-coplanar vectors s. 

Theorem : Any linear vector function/ may be represented 
by a dyadic <9 to be used as a prefactor and by a dyadic 7, 
which is the conjugate of <9, to be used as a postfactor. 

The linear vector function is completely determined when 
its values for three non-coplanar vectors (say I, j, k) are 
known (page 264). Let 

/(i) = l^ /(j)=b, /(k) = c 
Then the linear function / is equivalent to the dyadic 
givenby ,p = ai + bj + ck, 

to be used as a postfactor; and to the dyadic ¥ 

?r=(?)^ = ia + jb + ko, 
to be used as a prefactor. 

/(r) = ^.r = r. ^^ 
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The study of linear vector fonctions therefore is identical 
with the study of dyadics. 

Definition : A dyad ab is said to be multiplied by a scalar 
a when the antecedent or the consequent is multiplied by 
that scalar, or when a is distributed in any manner between 
the antecedent and the consequent. If a = a^a" 

a(ab) = (aa)b = a(ab) = (a'a)(a"b). 

A dyadic is said to be multiplied by the scalar a when 

each of its dyads is multiplied by that scalar. The product 

is written 

a0 or 0a. 

The dyadic a applied to a vector r either as a prefactor or 
as a postfactor yields a vector equal to a times the vector 
obtained by applying <P to r — that is 

(a <P) • r = a ((P • r). 

Theormii : The combination of vectors in a dyad is distrib- 
utive. That is 

(a + b)o = ao + bo 

(11) 
and a (b + e) =ab + ae. 

This follows immediately from the definition of equality of 
dyadics (10). For 

[(a + b) o] • r == (a + b) • r = a • r + b • r = (a + b o) • r 

and 

[a(b + o)] • r = a (b + o) • r = ab • r + ao • r = (ab + ac) • r. 

Hence it follows that a dyad which consists of two &ctors, 
each of which is the sum of a number of vectors, may be 
multiplied out according to the law of ordinary algebra 
— except that ihe order of ihe factors in ihs dyads mtist is 
maintained. 
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(a + b + + *. . • ) G + m + n + . . . ) = a 1 + a m + a n + . . . 

+ bl + bm + bn+... (11)' 

+ ol + om + cn+ ... 

+ 

The dyad therefore appears as a product of the two vectors of 
which it is compbsed, inasmuch as it obeys the characteris- 
tic law of products — the distributive law. This is a justifi- 
cation for writing a dyad with the antecedent and conse- 
quent in juxtaposition as is customary in the case of products 
in ordinary algebra. 

The Nonion Form of a Dyadic 

IQL] From the three unit vectors i, j, k nine dyads may 
be obtained by combining two at a time. These are 

ii, ij, ik, 

ji, jj, Jk, (12) 

ki, kj, kk. 

If all the antecedents and consequents in a dyadic be ex- 
pressed in terms of i, jyk, and if the resulting expression be 
simplified by performing the multiplications according to the 
distributive law (11)' and if the terms be collected, the dyadic 
may be reduced to the sum of nine dyads each of which is 
a scalar multiple of one of the nine fundamental dyads given 
above 

<P = auii +a„ij +ai,ik 

+ a,Ji +a„jj +a„>k (IZ) 

+ a,iki + «„kj + ag,kk. 

This is called the nonion form of 0. 

Theorem : The necessary and sufficient condition that two 
dyadics and W be equal is that, when expressed in nonion 



1 
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form, the scalar coefficients of the corresponding dyads be 
equal. 

If the coefficients be equal, then obviously 

for any value of r and the dyadics by (10) must be equal 
Conversely, if the dyadics and W are equal, then by (10) 

i • (9 T = 8 • ST • r 

for all values of 8 and r. Let i and r each take on the values 

i,j,k. Then (14) 

i.(iP.i = i. y.i, i.(P.j = i* 5^-j, i*(P*k = i* r-k 

j.(p.i=j. y.i, j.(P.j=j. y.j, j.<P.k = j* y.k 

k.<P.i = k. W.U k.(P.j=:k. y.j, k.(P.k = k. ^.k. 

But these quantities are precisely the nine coefficients in the 
expansion of the dyadics and W. Hence the corresponding 
coefficients are equal and the theorem is proved.^ This 
analytic statement of the equality of two dyadics can some- 
times be used to gpreater advantage than the more fundamental 
definition (10) based upon the conception of the dyadic as 
defining a linear vector function. 

Theorem : A dyadic may be expressed as the sum of nine 
dyads of which the antecedents are any three given non- 
coplanar vectors, a, b, o and the consequents any three given 
non-coplanar vectors 1, m, n. 

Every antecedent may be expressed in terms of a, b, o ; 
and every consequent, in terms of l,ia,iL The dyadic may 
then be reduced to the form 

= a^j al + a^, am + a^g an 

+ a^^hl + a^hm + a^hn (15) 

+ a^i\l + a^em + a^ on. 

1 Af a ooioDaij of the tlieoiem it is eTident that the nine djnds (12) are in- 
dependent. None of them maj be expr e aeed linearij in terme of the otheze. 
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This expression of (P is more general than that given in 
(13). It reduces to that expression when each set of vectors 
a, b, c and 1, m, n coincides with i, j, k. 

Theorem : Any dyadic may be reduced to the sum of 
three dyads of which either the antecedents or the consequents, 
but not both, may be arbitrarily chosen provided they be non- 
coplanar. 

Let it be required to express as the sum of three dyads 
of which a, b, o are the antecedents. Let 1, m, n be any other 
three non-coplanar vectors. may then be expressed as in 
(15). Hence 

(p = a (aji 1 + ttj, m + a^ n) + b (a^j 1 + a^ m + a^g n) 

+ c (aji \ + a^m + a^ n), 

or <P = aA + bB + oC. (16) 

In like manner if it be required to express as the sum of 
three dyads of which the three non-coplanar vectors 1, m, n are 
the consequents 

^ = Ll + Mm + lfn, (16)' 

where L = a^ a + aji b + a^^ e, 

M = ^13 a + ^22 b + ^33 e, 

The expressions (15), (16), (16)' for are unique. Two equal 
dyadics which have the same three non-coplanar ante- 
cedents, a, b, 0, have the same consequents A, B, C — these 
however need not be non-coplanar. And two equal dyadics 
which have the same three non-coplanar consequents 1, m, n, 
have the same three antecedents. 

102.] Definition: The symbolic product formed by the juxta- 
position of two vectors a, b without the intervention of a dot 
or a cross is called the indeterminate product of the two vectors 
a and b. 
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The reason for the term indeterminate is this. The two 
products a • b and a x b have definite meanings. One is a 
certain scalar, the other a certain vector. On the other hand 
the product ab is neither vector nor scalar — it is purely 
symbolic and acquires a determinate physical meaning only 
when used as an operator. The product ab does not obey 
the commutative law. It does however obey the distributive 
law (11) and the associative law as far as scalar multiplication 
is concerned (Art 100). 

Theorem : The indeterminate product ab of two vectors is 
the most general product in which scalar multiplication is 
associative. 

The most general product conceivable ought to have the 
property that when the product is known the two factors are 
also known. Certainly no product could be more general. 
Inasmuch as scalar multiplication is to be associative, that is 

a (a b) = (a a) b = It (a b) = (a ' a) (a " b), 

it will be impossible to completely determine the vectors a 
and b when their product a b is given. Any scalar factor 
may be transferred from one vector to the other. Apart from 
this possible transference of a scalar factor, the vectors com- 
posing the product are known when the product is known. In 
other words — 

Theorem : If the two indeterminate products ab and a'V 
are equal, the vectors a and a', b and V must be collinear and 
the product of the lengths of a and b (taking into account the 
positive or negative sign according as a and b have respec- 
tively equal or opposite directions to a' and b') is equal to the 
product of the lengths of a' and V. 

Let a = aj i + a, j + ffgk, 
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Then %h = a^b^ ii + a^b^ iJ + ^iSgik 

+ a,&i ji + a,6a jj + «,&, jk 
+ a86i kj + ag&a kj + agS, kk. 

and a'V = a/J/ ii + a,'&j' ij + a/^ ik 

+ <»!' Ji + <V JJ + ^a^aJk 
+ aj'J/ ki + aj'V kj + aj'V kk. 

Since ab = a'b' corresponding coefficients are equal. Hence 

which shows that the vectors a and a' are collinear. 

And Jj : 6, : h^ = Jj' : J^': ftg'* 

which shows that the vectors b and b' are collinear. 

But ttj hi = a/ J/. 

This shows that the product of the lengths (including sign) 
are equal and the theorem is proved. 

The proof may be carried out geometrically as follows. 
Since ab is equal to a'V 

ab • r = a'b' • r 

for all values of r. Let r be perpendicular to b. Then b • r 
vanishes and consequently b'*r also vanishes. This is true 
for any vector r in the plane perpendicular to b. Hence b and 
V are perpendicular to the same plane and are collinear. In 
like manner by using ab as a postf actor a and a' are seen 
to be parallel. Also 

ab • b = a'b' • b, 

which shows that the products of the lengths are the same. 

18 
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The indeterminate product a b imposes five conditions upon 
the vectors a and b. The directions of a and b are fixed and 
likewise the product of their lengths. The scalar product 
a • b, being a scalar quantity, imposes only one condition upon 
a and b. The vector product a x b, being a vector quantity, 
imposes three conditions. The normal to the plane of a and 
b is fixed and also the area of the parallelogram of which they 
are the side. The nine indeterminate products (12) of i,j,k 
into themselves are independent. The nine scalar products 
are not independent. Only two of them are different 

i.i=j.j=k.k = l, 
and i . j = j . i = j . k = k . j = k . i = i . k = 0. 

The nine vector products are not independent either; for 

ixi = jxj = kxk = 0, 

and ixj = --jxi, jxk = — kxj, kxi = — ixk. 

The two products a • b and a x b obtained respectively from 
the indeterminate product by inserting a dot and a cross be- 
tween the factors are functions of the indeterminate product. 
That is to say, when ab is given, a • b and a x b are determined. 
For these products depend solely upon the directions of a and b 
and upon the product of the length of a and b, all of which 
are known when ab is known. That is 

if ab = a' b', a . b = a' . b' and a x b = a' x b'. (17) 

It does not hold conversely that if a • b and a x b are known 
a b is fixed ; for taken together a* b and a x b impose upon the 
vectors only four conditions, whereas a b imposes five. Hence 
ab appears not only as the most general product but as the 
most fundamental product. The others are merely functions 
of it. Their functional nature is brought out clearly by the 
notation of the dot and the cross. 
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Definition : A scalar known as the scalar of may be ob- 
tained by inserting a dot between the antecedent and conse- 
quent of each dyad in a dyadic. This scalar will be denoted 
by a subscript S attached to <P. ^ 

If (P = aj bj + aa bj + aj bg + . . . 

(P^ = aj . bj + a, . ba + aj . bg + • • • (18) 

In like manner a vector known as the vector of may be 
obtained by inserting a cross between the antecedent and con- 
sequent of each dyad in 0. This vector will be denoted by 
attaching a subscript cross to 0. 

^x = ai X bj + aj X ba + aj X bj + . . . (19) 

If (P be expanded in nonion form in terms of i, j, k, 

<^x = (^aa - «82) i + («8i - «18) i + (fln " «ai) k. (21) 
Or (^5= i.<P.i +j.(P.j +k-<P.k, (20)' 

^^=(j.^.k-k.<P.j)i+ (k.^.i-i.^.k)j 

+ (i.^.j-j.^.i)k. (21)' 

In equations (20) and (21) the scalar and vector of (P are 
expressed in terms of the coefficients of when expanded 
in the nonion form. Hence if and ¥ are two equal 
dyadics, the scalar of <P is equal to the scalar of ¥ and the 
vector of CP is equal to the vector of ¥. 

If 0=¥, 0^=^ ¥g and 0^ = ¥^. (22) 

From this it appears that 0g and 0^ are functions of 
uniquely determined when is given. They may sometimes 
be obtained more conveniently from (20) and (21) than from 
(18) and (19), and sometimes not. 

^ A fubscript dot might be need for the scalar of ♦ if it were snfficientlj distinct 
and free from liability to misinterpretation. 
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Products of Dyadics 

103.] In giving the definitions and proTing the theorems 
concerning prodocts of djadics, the dyad is made the under- 
lying principle. What is true for the dyad is true for the 
dyadic in general owing to the fact that dyads and dyadics 
obey the distribatiye law of multiplication. 

Definition: The direei product of the dyad ab into the 

ivatfed is written , . . , .. 

^ (ab).(ed) 

and is by definition equal to the dyad (b • e) ad. 

(ab)-(ed) = a(b.e)a = b-e ad.^ (23) 

That is, the antecedent of the first and the consequent of the 
second dyad are taken for the antecedent and consequent 
respectively of the product and the whole is multiplied by 
the scalar product of the consequent of the first and the 
antecedent of the second. 
Thus the two vectors which stand together in the product 

(ab).(cd) 

are multiplied as they stand. The other two are left to form 
a new dyad. The direct product of two dyadics may be 
defined as the formal expansion (according to the distributive 
law) of the product into a sum of products of dyads. Thus 

^ *=(aibi +a, b, +a8b8 + ...) 

and 5^=(«i4i +««*« + Cg d, + ...) 

0. r=(aibi +a,b, +a8b8 + ...) • 

(Cjdi +c,d, +c,dg + •••) 

= ajb|«0|d| +ajbj*e2d2 + a^bi-egdj + ••• 

+ a,b,*Oidi +a,b,.o,d, +a,b,.e3d8 + -•- (28)' 

+ a3b3«0idi +a3b3«e2d2 + a3b3«e3d3 + ••• 

+ 

1 The ptteothetei maj be omiUed in eidi of tliaie three exprewioM, 
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0. sr = bi»Ci ajdj + bj-Oj a^dj + bj-Og a^dg + •.• 
+ bj • c^ a^ d^ + b^ • O2 a^ d^ + b2 • Og a^ dg + • • • 
+ bg«Oi agdj + bg'Cj agd^ + bg-Cg agdg + ••• 
+ (23)? 

The product of two dyadics and ?r is a dyadic • V. 

Theorem : The product 0» Woi two dyadics and ¥ when 
regarded as an operator to be used as a prefactor is equiva- 
lent to the operator ¥ followed by the operator 0. 

Let S=0.W. 

Toshow i2.r= (P. (ST.r), 

or (^. !F).r= (P.CJT.r). (24) 

Let ab be any dyad of and e d any dyad of W. 

(ab»cd).r = b»c (ad.r) = (b«o) (d*r)a, 
ab • (c d • r) = a b • c (d • r) = (b • 0) (d • r) % 
Hence (ab*od) • r = ab* (cd«r). 

The theorem is true for dyads. Consequently by virtue of 
the distributive law it holds true for dyadics in general. 

If r denote the position vector drawn from an assumed origin 
to a point P in space, r' = W •! will be the position vector of 
another point P\ and r^' = 0»{¥»t) will be the position 
vector of a third point P". That is to say, ¥ defines a trans- 
formation of space such that the points P go over into the 
points P'. defines a transformation of space such that the 
points P' go over into the points P". Hence ¥ followed by 
carries P into P". The single operation • ¥ also carries 
PintoP". 

Theorem: Direct multiplication of dyadics obeys the dis^ 
tributive law. That is 
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0*{¥+ ¥^= 0. ¥+ 0» ¥' 
and (0f + 0). ¥=0'* ¥+ • ¥. (25) 

Hence in general the product 

(0+ 0f+ 0ff +...).(¥+ r+ r' + ...) 

may be expanded formally according to the distributive law. 

Theorem : The product of three dyadics 0^ ¥y S is associa- 
tive. That is (^0.iD.a=0.(¥.S) (26) 

and consequently either product may be written without 
parentheses, as 0.^.Q, (26)' 

The proof consists in the demonstration of the theorem for 
three dyads ab, cd, ef taken lespectivelj from the three 
dyadics <P, 7, S. 

(ab>ed)«ef = (b>e) ad>ef = (b«o) (d>e) af, 
ab«(od«ef)= (d«e)ab«of= (d«e) (b>e) af. 

The proof may also be given by considering 0, ¥, and Q 
as operators 

{(<P.?r).fi{.r = (tf>. y).(i?.r). 

Let Q'T = t' 

{(*.Sr).fl}.r = (<?. y).r'= <P.(?r.r'). 

Let ?P".r' = r", 

|(^.r).£J.r = *.r" = r"'. 

Again {^.(r. i?)} • r = <P. [(?r. J2).r]. 

(r.fi).r= ¥.(S.t)= 5r.r' = r". 

{*. (y. fi)} . r = ^ . [y . r'] = <P . r" = r'" 

Hence {(<P. y).i?J t = {<P. (?". fi)| t 

for all values of r. Consequently 

(<P. ¥)'S = 0»i¥»O). 
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The tiheorein may be extended by mathematical induction 
to the case of any number of djradics. The direct product 
of any number of dyadics is associative. Parentheses may 
be inserted or omitted at pleasure without altering the result. 

It was shown above (24) that 

(^. ¥)•!= 0*{¥*T)= 0. ¥•!. (24)' 

Hence the product of two dyadics and a vector is associative. 
The theorem is true in case the vector precedes the dyadics 
and also when the number of dyadics is greater than two. 
But the theorem is untrue when the vector occurs between 
the dyadics. The product of a dyadic, a vector, and another 
dyadic is not associative. 

(0*r)*¥ :^ 0^(v ¥). (27) 

Let ab be a dyad of ^, and cd a dyad of ¥. 

(ab t) • c d = b • r (a • cd) = (b • r) (a • c) d, 

ab*(r*cd) =:ab«d(r«c) =b*d(r«o)a 

Hence (ab • r) • o d ^ ab • (r • od). 

The results of this article may be summed up as follows : 

Theorem: The direct product of any number of dyadics 
or of any number of dyadics with a vector factor at either 
end or at both ends obeys the distributive and associative 
laws of multiplication — parentheses may be inserted or 
omitted at pleasure. But the direct product of any number 
of dyadics with a vector factor at some other position than at 
either end is not associative — parentheses are necessary to 
give the expression a definite meaning. 

Later it will be seen that by making use of the conjugate 
dyadics a vector factor which occurs between other dyadics 
may be placed at the end and hence the product may be 
made to assume a form in which it is associative. 
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1(ML] Definition: The skew products of a dyad ab into 
a rector r and of a rector r into a dyad ab are defined 
respectirely by the equations 

(ab) X r = a(b X r), 

rx(ab) = (r xa)b. ^^^ 

The skew product of a dyad and a rector at either end is a 
dyad. The obrious extension to dyadics is 

^xr = (aibi + a3ba + ajb3 + ...)xr 

= aibiXr + a^bj xr + a^b^ x r + ... 

rx *=:rx(aibi+aab3 + ajb,+ -) (28)' 

= r X a^bi +r xaj|bj| + r x a3b3 + ..• 

T?ieorem : The direct product of any number of dyadics 
multiplied at either end or at both ends by a rector whether 
the multiplication be performed with a cross or a dot is 
associatire. But in case the rector occurs at any other 
position than the end the product is not associatire. That is, 

(r X <P) • y = r X (<P • ?r) = ' X <^ • y, 

(<P.y)xr=<P.(rxr) = *.yxr, 

(rx *).i = r X (^.•)=rx *•§, (29) 

r . (<P X •) = (r . ^) X • = r • <P X 1, 

rx(*xi) = (rx <P)xi = rx (Pxs, 

but r*(rx *)?t (r.r)x<|!^ 

Furthermore the expressions 

t*r X 0BJxd 9 X r«8 
can hare no other meaning than 

• •rx ^ = i«(rx tf^, 

^xr*i = (<9xr)*s, ^^ 
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since the product of a dyadic with a cross into a scalar t • r 
is meaningless. Moreover since the dot and the cross may 
be interchanged in the scalar triple product of three vectors 
it appears that 

• . r X ^ = (• X r) • <P, 

<P X r • • = (P • (r X •), (81) 

and *. (r x JT) = (^ x r) • JT. 

The parentheses in the following expressions cannot be 
omitted without incurring ambiguity. 

<P-(r X •) ?t (<Pt) X 1, 
(•xr).(p9tix(r.(P), (8iy 

((P.r) X W ^ 0x{t*W). 

The formal skew product of two dyads ab and o d would be 

(ab) X (cd) = a(b x c)d. 

In this expression three vectors a, b x o, d are placed side 

by side with no sign of multiplication uniting them. Such 

an expression 

rit (32) 

is called a triad; and a sum of such expressions, a triadic. 
The theory of triadics is intimately connected with the theory 
of linear dyadic functions of a vector, just as the theory of 
dyadics is connected with the theory of linear vector functions 
of a vector. In a similar manner by going a step higher 
tetrads and tetradics may be formed, and finally polyads and 
polyadics. But the theoiy of these higher combinations of 
vectors will not be taken up in this book. The dyadic 
furnishes about as great a generality as is ever called for in 
practical applications of vector methods. 
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Degrees of NuUity of Dyadies 

106.] It was shown (Ait 101) that a dyadic could always 
be reduced to a sum of three terms at most, and this redaction 
can be accomplished in only one way when the antecedents 
or the consequents are specified. In particular cases it may 
be possible to reduce the dyadic further to a sum of two 
terms or to a single term or to zero. Thus let 

^ = al + bm + on. 

If 1, m, n are coplanar one of the three may be expressed 
in terms of the other two as 

l = xm + y]i. 
Then ^ = axm + ayn + bm + on, 

0=z{j^x + b)m+ (ay + o)il 

The dyadic has been reduced to two terms. If 1, m, n were 
all coUinear the dyadic would reduce to a single term and if 
they all yanished the dyadic would vanish. 

Theorem : If a dyadic ^ be expressed as the sum of three 
terms 

^ = al + bm + on 

of which the antecedents a, b, o are known to be non-coplanar, 
then the dyadic may be reduced to the sum of two dyads 
when and only when the consequents are coplanar. 

The proof of the first part of the theorem has just been 
given. To prove the second part suppose that the dyadic 
could be reduced to a sum of two terms 

and that the consequents 1, m, n of ^ were non-coplanar. 
This supposition leads to a contradiction. For let 1', m', n' 
be the system reciprocal to 1, m, n. That is, 

mxn . nxl , Ixm 



n' 



/ = . 



[Imn]' pmn]' pmn] 
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The vectors 1', m^ n' exist and are non-coplanar because 
1, m, n have been assumed to be non-coplanar. Any vector r 
may be expressed in terms of them as 

T = xV + ym! + zn! 
<?•! = (al + bm + en) •{xV + ym! + zn'). 
But 1 . 1' = m • m' = n • n' = 1, 

and 1 • m' = 1' • m = m • n' = m' • n = n • 1' = n' • 1 = 0. 
Hence •! = xtL + yh + ze. 

By giving to r a suitable value the vector • r may be made 
equal to any vector in space. 

But <P • r = (dp + e q) • r = d (p • r) + e (q t). 

This shows that • r must be coplanar with d and e. Hence 
• r can take on only those vector values which lie in the 
plane of d and e. Thus the assumption that 1, m, n are non- 
coplanar leads to a contradiction. Hence 1, m, n must be 
coplanar and the theorem is proved. 

Theorem : If a dyadic be expressed as the sum of three 

terms 

(l> = al + bm + on, 

of which the antecedents a, b, o are known to be non-coplanar, 
the dyadic can be reduced to a single dyad when and only 
when the consequents 1, m, n are collinear. 

The proof of the first part was given above. To prove 
the second part suppose could be expressed as 

<P = dp. 
Let W=i0 X p = dp X p = dO = 0, 

W^9l\ xp + bmxp + onxp. 
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From the second equation it is evident that ¥ osed as a 
postfactor &r any vector 

r = a; a' + y b' + se', 

where a^ b', e' is the reciprocal system to a, b» e gives 

r • y = 2 1 X p + ym x p + i^n x p. 

From the first expression 

r . = 0. 
Hence ^Ixp+ymxp + snxp 

mnst be zero for every value of r, that is, for every value of x^ 
y, z. Hence 

lxp=:0, mxp = 0, nxp = 0. 

Hence 1, m, and n are all parallel to p and the theorem has 
been demonstrated. 

If the three consequents 1, m, n had been known to be non- 
coplanar instead of the three antecedents, the statement of 
the theorems would have to be altered by interchanging the 
words antecedent and consequent throughout. There is a fur- 
ther theorem dealing with the case in which both antecedents 
and consequents of (P are coplanar. Then is reducible to 
the sum of two dyads. 

106.] Definition: A dyadic which cannot be reduced to 
the sum of fewer than three dyads is said to be complete. A 
dyadic which may be reduced to the sum of two dyads, but 
cannot be reduced to a single dyad is said to be planar. In 
case the plane of the antecedents and the plane of the con- 
sequents coincide when the dyadic is expressed as the sum of 
two djrads, the dyadic is said to be wniplanar. A dyadic 
which may be reduced to a single dyad is said to be linear. 
In case the antecedent and consequent of that dyad are col^ 
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linear, the dyadic is said to be unilinear. If a dyadic may be 
so expressed that all of its terms vanish the dyadic is said to 
be zero. In this case the nine coefficients of the dyadic as 
expressed in nonion form must vanish. 

The properties of complete, planar, uniplanar, linear, and 
nnilinear dytdics when regarded as operators are as follows. 
Let 

s = ^ • r and t = r • 0. 

If is complete i and t may he made to take on any desired 
value hy giving r a suitable value. 

<P = al + bni + on. 

As <P is complete 1, m, n are non-coplanar and hence have a 
reciprocal system 1', m', n^ 

%=^ • {xV + ym' + «n')=a;a + yb + «c. 

In like manner a, b, o possess a system of reciprocals a', b', o'. 

t = (iBa' + yb' + «c') • 0=^x\ + ym + zjL. 

A complete dyadic applied to a vector r cannot give zero 
unless the vector r itself is zero. 

If is planar the vector 8 may take on any value in the plane 
of the antecedents and t any value in the plane of the consequents 
of 0\ hut no values out of those planes. The dyadic when 
used as a prefactor reduces every vector r in space to a vector 
in the plane of the antecedents. In particular any vector r 
perpendicular to the plane of the consequents of CP is reduced 
to zero. The dyadic used as a postfactor reduces every 
vector r in space to a vector in the plane of the consequents 
of 0. In particular a vector perpendicular to the plane of 
the antecedents of ^ is reduced to zero. In case the dyadic 
is uniplanar the same statements hold. 

If is linear the vector 8 may take on any valus collinear 
with the antecedent of and t any value collinear with the con* 



5 
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seqfUfU of 0; but 7U) other values. The djradic used as a 
prefactor reduces any veetor r to the line of the antecedent 
of 0. In particular any vectors perpendicular to the con- 
sequent of are reduced to zero. The dyadic used as a 
postfactor reduces any vector r to the line of the consequent 
of 0. In particular any vectors perpendicular to the ante- 
cedent of are thus reduced to zero. 

If is a zero dyadic (he vectors t and t are both zero no 
matter what the value of r may be. 

Definition : A planar dyadic is said to possess one degree of 
nullity. A linear dyadic is said to possess tvx> degrees of 
nullity. A zero dyadic is said to possess three degrees of ntU- 
lity or complete nullity. 

107.] Theorem : The direct product of two complete dyadics 
is complete; of a complete dyadic and a planar dyadic, 
planar; of a complete dyadic and a linear dyadic, linear. 

Theorem: The product of two planar dyadics is planar 
except when the plane of the consequent of the first dyadic 
in the product is perpendicular to the plane of the antece- 
dent of the second dyadic. In this case the product reduces 
to a linear dyadic — and only in this case. 

Let = ^1^1 + tL^h^j 

y = Cidi + C2dj, 
0=0. W. 

The vector t = ?" • r takes on all values in the plane of o^ 
and c, 

s = a:ci + yc2. 

The vector •' = <P • s takes on the values 

•' = (p . s = a; (bj . Cj) aj + y Oi • o^) a^ 
+ « (ba • Cj) a, + y (b, . c) a^ 
•' = JiB (bj .Ci) + y (bj . Ca)} a^ + {x (b,- Oj) + y (b, • Cj)}ay 



= 0. 
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Let s' = aj'aj + y'a2, 

where «' = a? (bj -01) + ^ (bj • Cj), 

and y' = a (b, • c^) + y (b^ • Oj). 

These equations may always be solved for x and y when 
any desired values x^ and y' are given — that is, when s' has 
any desired value in the plane of a^ and a, — unless the 
determinant 

bj • Cj ^1 • ^2 

b^ • 0^ bj • Cj 

But by (25), Chap. II., this is merely the product 

Oi X bj) . (ci X Cj) = 0. 

The vector b^ x b, is perpendicular to the plane of the con- 
sequents of ; and c^ x c,, to the plane of the antecedents of 
W. Their scalar product vanishes when and only when the 
vectors are perpendicular — that is, when the planes are per- 
pendicular. Consequently s' may take on any value in the 
plane of a^ and a^ and • W \& therefore a planar dyadic 
imless the planes of b^ and b,, c^ and e, are perpendicular. 
If however b^ and \^ c^ and e, are perpendicular s' can take 
on only values in a certain line of the plane of a^ and a^, and 
hence •¥ \a linear. The theorem is therefore proved. 

Theorem : The product of two linear dyadics is linear 
except when the consequent of the first factor is perpen- 
dicular to the antecedent of the second. In this case the 
product is zero — and only in this case. 

Theorem : The product of a planar dyadic into a linear is 
linear except when the plane of the consequents of the 
planar dyadic is perpendicular to the antecedent of the linear 
dyadic. In this case the product is zero — and only in this 
case. 

Theorem: The product of a linear dyadic into a planar 
dyadic is linear except when the consequent of the linear 
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dyadic is perpendicular to the plane of the antecedents of 
the planar dyadic. In this case the product is zero — and 
only in this case. 

It is immediately evident that in the cases mentioned the 
products do reduce to zero. It is not quite so apparent that 
they can reduce to zero in only those cases. The proo& are 
similar to the one given above in the case of two planar 
dyadics. They are left to the reader. The proof of the 
first theorem stated, page 286, is also left to the reader. 

The Idem/actor;^ Reciprocals and Conjugates of Dyadics 

106.] Definition : If a dyadic applied as a prefactor or as 
a postfactor to any vector always yields that vector the 
dyadic is said to be an idem/actor. That is 

if <P • r = r f or all values of r, 

or if r • (P = r f or all values of r, 

then <2> is an idemfactor. The capital I is used as the sym- 
bol for an idemfactor. The idemfactor is a complete dyadic. 
For there can be no direction in which I*r vanishes. 
Theorem : When expressed in nonion form the idemfactor is 

I = ii + jj + kk. (88) 

Hence all idemfactors are equal 

To prove that the idemfactor takes the form (88) it is 
merely necessary to apply the idemfactor I to the vectors 
i, j, k respectively. Let 

I = aiiii + a^^ij + ai8ik 

+ aaJi4- «MJj + a,jjk 

+ aji ki + aga kj + a^ kk. 

^ In the theory of dyadics the idemfactor I plays a rdle analogous to unity in 
ordinary algebra. The notation is intended to suggest this analogy. 
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I . i = aji i + ajji j + ttgi k. 
If I.i = i, 

a^j = 1 and a^^ -=- ag^ = 0. 

In like manner it may be shown that all the coefficients 
vanish except a^^, a^^ a^ all of which are unity. Hence 

I = ii+jj + kk. (38) 

TheoTtm : The direct product of any djradic and the idem- 
factor is that dyadic. That is, 

•1 = and I •0 = 0. 

For (<P*I)t = <P.(It) =(I>T, 

no matter what the value of r may be. Hence, page 266, 

0^l = 0. 

In like manner it may be shown that I • = 0. 

Theorem : If a', b', o' and a, b, o be two reciprocal systems 
of vectors the expressions 

I = aa' + bb' + oo', (84) 

I = a'a + b'b + o'o 

are idemfactors. 

For by (80) and (81) Chap. II., 

r = r«aa' + r.bb' + r •co', 
and r = r»a'a + r«b'b + r»c'o. 

Hence the expressions must be idemfactors by definition. 
Theorem : Conversely if the expression 

= 9lI + bin + on 

is an idemfactor 1, m, n must be the reciprocal system of 
a,b,o. 

10 



1 
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In the first place since is the idemfactor, it is a complete 
dyadic. Hence the antecedents a, b, o are non-coplanar and 
possess a set of reciprocals a^ b', o'. Let 

r = a;a' + yb' + «o'. 
By hypothesis r • ^ = r. 

Then r • <P = a;l + ym + 2n = iBa' + yb' + %t 

for all values of r, that is, for all values oix^y^z. Hence the 
corresponding coefficients must be equal. That is, 

1 = a', m = b', n = o'. 

Theorem : If and W be any two dyadics, and if the product 
• W is equal to the idemfactor;^ then the product 7 • ^, 
when the factors are taken in the reversed order, is also 
equal to the idemfactor. 

Let <P.r = L 

To show W •0 — 1. 

!•(<?. r)=r.I = r, 

f{0*W) •0 = T ^0^ 
!• {0*¥)*0z=z(t .0).(W •0) = T •0. 

This relation holds for all values of r. As (P is complete r • 
must take on all desired values. Hence by definition 

¥.0 = 1. 

If the product of two dyadics is an idemfactor, that product 
may be taken in either order. 

109.] Definition: When two dyadics are so related that 
their product is equal to the idemfactor, they are said to be 

^ This neceiritates both the dyadics ♦ and T to be complete. For the product 
of two incompleta djadici Is incomplete and hence ooold not be equal to the 
Idem^Ktor. 
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reciprocals.^ The notation used for reciprocals in ordinary 
algebra is employed to denote reciprocal dyadics. That is, 

if <P.?r = I, (P=y-i = ~and?r=:(p-i = I. (85) 

Theorem: Reciprocals of the same or equal dyadics are 
equal. 

Let and W be two given equal dyadics, (P"^ and W"^ 
their reciprocals as defined above. By hypothesis 

0= r, 

and r.5r-i = L 

To show 0'^ = W-K 

As <P=y, ^.(p-i= ^. y-i, 

(p-i . . ^-1 = <p-i . (p . W'-\ 

I. (p-1 = (p-1 = I . !r-i = ¥'\ 

Hence (P-^ = JT-i. 

The reciprocal of <P is the dyadic whose antecedents are the 
reciprocal system to the consequents of and whose conse- 
quents are the reciprocal system to the antecedents of 0. 

If a complete dyadic be written in the form 

<p=:al + bm + en, 
its reciprocal is 0'^ = 1' a' + m'V + n'o'. (36) 

For (al + bm + cn) • (I'a' + n'V + n'c') =aa' + bV + cc'. 

Theorem: If the direct products of a complete dyadic 
into two dyadics iT and S are equal as dyadics then ¥ and O 

1 An inoomplete dyadic has no (finite) reciprocal. 
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are eqnaL If the prodnct of a dyadic into two yectors 
r and s (whether the mnltiplication be peif ormed with a dot 
or a CToes) are eqnal, then the yectors r and s are eqnaL 
That is, 

if ^•9'=^.J2, theny=J2, 

and if *.r=*.i, then r = i, (87) 

and if *xr=^Xi, then r = a 

This may be seen by mnltiplying each of the equations 
through by the reciprocal of 0^ 

0"^ • * . y == y = 0-^ • 0»Q= 0^ 

0-^ • ^ • r = r = 0^^ • ^ • • = •, 

0-^ .^xr = Ixr=<P"*-*xs = Ixa 

To reduce the last equation proceed as follows. Let t be 

any vector, 

t-I X r = t«I X s, 

t.I = t 

Hence t x r = t x s. 

As t is any vector, r is equal to s. 

Equations (87) give what is equivalent to the law of can- 
celation for complete dyadics. Complete dyadics may be 
canceled from either end of an expression just as if they 
were scalar quantities. The cancelation of an incomplete 
dyadic is not admissible. It corresponds to the cancelation 
of a zero factor in ordinary algebra. 

110.] Theorem: The reciprocal of the product of any 
number of dyadics is equal to the product of the reciprocals 
taken in the oppostie order. 

It will be sufficient to give the proof for the case in which 
the product consists of two dyadics. To show 
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(p . y. ?r-i . (p-i = (p . (y . y-i) . (p-i = (p . ^i = i. 

Hence ((? • ?r) • ( ^-i • ^"^ = I- 

Hence • W and JT"^ • tf>~^ must be reciprocals. That is, 

The proof for any number of dyadics may be given in the 
same manner or obtained by mathematical induction. 

DefinUion : The products of a dyadic (P, taken any number 
of times, by itself are called powers of and are denoted in 
the customary manner. 

0.0=0\ 
0. 0. 0= 0. 0^= 0\ 

and so forth. 

Theorem : The reciprocal of a power of (9 is the power of 
the reciprocal of 0. 

((?•)-! = (<?-!)• = (p-». (87) 

The proof follows immediately as a corollary of the preced- 
ing theorem. The symbol 0"* may be interpreted as the 
nth power of the reciprocal of ^ or as the reciprocal of 
the nth power of 0. 

If ^ be interpreted as an operator determining a trans- 
formation of space, the positive powers of correspond to 
repetitions of the transformation. The negative powers of 
correspond to the inverse transformations. The idemfactor 
corresponds to the identical transformation — that is, no trans- 
formation at all. The fractional and irrational powers of 
will not be defined. They are seldom used and are not 
single-valued. For instance the idemfactor I has the two 
square roots ± I. But in addition to these it has a doubly 
infinite system of square roots of the form 

(P = -ii + jj + kk. 



"3 
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Geometrically the transformation 



is a reflection of space in the j k-plane. This transformation 
replaces each figure by a symmetrical figure, symmetrically 
situated upon the opposite side of the j k-plane. The trans- 
formation is sometimes called perversion. The idemfactor 
has also a doubly infinite system of square roots of the form 

?r = ii-jj-kk. 

Geometrically the transformation 

r'= ^T 

is a reflection in the i-axis. This transformation replaces each 
figure by its equal rotated about the i-axis through an angle 
of 180''. The idemfactor thus possesses not only two square 
roots ; but in addition two doubly infinite systems of square 
roots ; and it will be seen (Art 129) that these are by no 
means all. 

111.] The conjugate of a dyadic has been defined (Art. 99) 
as the dyadic obtained by interchanging the antecedents and 
consequents of a given dyadic and the notation of a subscript 
C has been employed. The equation 

r.(P=:^^T (9) 

has been demonstrated. The following theorems concerning 
conjugates are useful. 

Theorem : The conjugate of the sum or difference of two 
dyadicB is equal to the sum or difference of the conjugates, 

Theorem : The conjugate of a product of dyadics is equal 
to the product of the conjugates taken in the opposite order. 
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It will be sufficient to demonstrate the theorem in case 
the product contains two factors. To show 

(0-¥)c^W^.(Pa. (40) 

(<P . y)(7* r = r • (<P • ?r) = (r • <P) . y, 

r .* = (P^.r, 
(f^). ?r= ?rcy(r.<P)= Wa.0a.t. 
Hence (<P • T)c=Vc*^0' 

Theorem : The conjugate of the power of a dyadic is the 
power of the conjugate of the dyadic. 

(«^")c7=(<Pc7)" = n (41) 

This is a corollary of the foregoing theorem. The expression 
<P^ may be interpreted in either of two equal ways. 

Theorem-. The conjugate of the reciprocal of a dyadic is 
equal to the reciprocal of the conjugate of the dyadic. 

((P-i)^=((P^)-i = (P^i. (42) 

For {0-% .0a = (<!>• ^^^)c = Ic = I- 

The idemfactor is its own conjugate as may be seen from 
the nonion form. 

I = ii + ij + kk 

Hence (<P^)-i • (Pc7 = ( *"0(7 • <Po^ 

Hence ((^c?)"^ = ((p-i)c. 

The expression (P^,"^ may therefore be interpreted in either 
of two equivalent ways — as the reciprocal of the conjugate 
or as the conjugate of the reciprocal. 

Definition: If a dyadic is equal to its conjugate, it is said 
to be eelf-coTyugate. If it is equal to the negative of its con- 
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jugate, it is said to be antirself-conjugaie. For ^e^/'-conjugate 

dyadics. 

r . ^ = <P . r, 0^00. 

For anti-self-conjugate dyadics 

r«^ = — ^-r, ^ = — ^^ 

Theorem : Any dyadic may be divided in one and only one 
way into two parts of which one is self-<;onjugate and the 
other anti-self-conjugate. 

(48) 



For 


<P=\{0 + <Pc)-\-\{<P-<Pa)- 


Bat 


(<^ + *c)<T = *c+*c<;=<'>c + 


and 


(<P - *o)« = <P<7- *w = <Pc - 



Hence the part i(<^ + ^c) ^ self-conjugate; and the part 
\{0 — 0c)y anti-self-conjugate. Thus the division has been 
accomplished in one way. Let 

I (<P + (P^) = 0' 

and 2((P-<Pc) = <P"- 

0=z0' + 0". 

Suppose it were possible to decompose in another way 
into a self-conjugate and an anti-self-conjugate part. Let 
then 

Where (<?' + i?) = ((P' + i2)c = (P'c+ S^ = 0' + O^. 
Hence if ((^' + i?) is self-conjugate, S is self-conjugate. 

Hence if ((P" — JB) is anti-self-conjugate O is anti-self- 
conjugate. 



LINEAR VECTOR FUNCTIONS 297 

Any dyadic which is both self-conjugate and anti-self -conju- 
gate is equal to its negative and consequently vanishes. 
Hence Q is zero and the division of into two parts is 
unique. 

ArUv-idf-conjugate Dyadics. The Vector Product 
112.] In case is any dyadic the expression 

gives the antinaelf-conjugate part of 0. If should be en- 
tirely anti-self-conjugate is equal to (?"• Let therefore 0^ 
be any anti-self -conjugate dyadic, 

0^^ = 1(^0^0,). 

Suppose tf> = al + bm + en, 

tf> — (P^ = al--la4"bm — mb + cn — no, 

^"•r = al*r--la*r + bm*r — mb*r+cn*r--nc*r. 

But al»r — la»r = — (a X 1) X r, 

bm • r — mb • r =± — (b x m) x r, 

on-r — no-r = — (o X n) X r. 

Hence ^"Trs — g(axl-f-bxm + oxn)xr. 

But by definition ^x = ftxl-f-bxm-fcxn. 

Hence <P" • r = - g *x x r, 

r.(P'' = ^"^.r = -*"*r = l<iPxXr = -5r x 0^. 

The results may be stated in a theorem as follows. 

Theorem : The direct product of any anti-self-conjugate 
djradic and the vector r is equal to the vector product oi 
minus one half the vector of that dyadic and the vector r. 



) 
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Theorem : Any anti-self -conjugate dyadic 0'^ possesses one 
degree of nullity. It is a uniplanar dyadic the plane of 
whose consequents and antecedents is perpendicular to 0^"j 
the vector of 0. 

This theorem follows as a corollary from equations (44). 

Theorem : Any dyadic may be broken up into two parts 
of which one is self-conjugate and the other equivalent to 
minus one half the vector of used in cross multiplication. 

(P . r = ^' . r — g ^x X r, 

or symbolically 0^ = 0'^ —\0^X. (45) 

113.] Any vector c used in vector multiplication defines a 
linear vector function. For 

cx(r + s) = cxr-f-cxs. 

Hence it must be possible to represent the operator ox as a 
dyadic. This dyadic will be uniplanar with plane of its 
antecedents and consequents perpendicular to c, so that it 
will reduce all vectors parallel to c to zero. The dyadic may 
be found as follows 

cxr = I«cxr = IxcT = (Ixc)«r. 
By (81) I. (cxl) = (lxc).l, 

(Ixo)T = l(Ixc).I}.r={I.(cxI)}.r 
= I • (c X I) • r = (o X I) • r. 
Hence c x r = (I x c) • r = (o x I) • r, 

and r X = r • (I X c) = r • (o X I). (46) 

This may be stated in words. 
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Theorem: The vector o used in vector multiplication with 
a vector r is equal to the dyadic I x o or e X I used in direct 
multiplication with r. If o precedes r the dyadics are to be 
used as pref actors ; if o follows r, as postf actors. The dyadics 
I X c and c X I are anti-self-conjugate. 

In case the vector c is a unit vector the application of the 
operator o x to any vector r in a plane perpendicular to o is 
equivalent to turning r through a positive right angle about 
the axis o. The dyadic c x I or I x c where o is a unit vector 
therefore turns any vector r perpendicular to c through a 
right angle about the line o as an axis. If r were a vector 
lying out of a plane perpendicular to c the effect of the dyadic 
I X c or c X I would be to annihilate that component of r which 
is parallel to o and turn that component of r which is perpen- 
dicular to through a right angle about o as axis. 

If the dyadic be applied twice the vectors perpendicular to 
r are rotated through two right angles. They are reversed in 
direction. If it be applied three times they are turned through 
three right angles. Applying the operator I x o or o x I four 
times brings a vector perpendicular to o back to its original 
position. The powers of the dyadic are therefore 

(I X 0)3 = (0 X 1)3 = - (I - 00), 

(I X o)» = (o X I)» = - 1 X = - X I, 

(47) 
(Ixo)* = (oxI)* = I~oo, 

(I X o)« = (o X I)» = I X = X I. 

It thus appears that the dyadic I x o or o x I obeys the same 
law as far as its powers are concerned as the scalar imaginaiy 
V — 1 in algebra. 

The dyadic Ixo or oxiisa quadrantal versor only for 
vectors perpendicular to o. For vectors parallel to o it acts 
as an annihilator. To avoid this effect and obtain a true 
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quadrantal versor for all vectors r in space it is merely neces- 
sary to add the dyad o o to the dyadic I x o or e X I. 

K X = I X + 00 = X 1 + 00, 

X« = -I, 

X» = -X, (48) 

X* = I, 

X» = X. 

The dyadic X therefore appears as a fourth root of the 
idemfactor. The quadrantal versor X is analogous to the 
imaginary V — 1 of a scalar algebra. The dyadic X is com- 
plete and consists of two parts of which I x o is antinself- 
conjugate ; and o o, self -conjugate. 
114.] If i, j, k are three perpendicular unit vectors 

Ixi = ixl = kj-jk, 

Ixj=jx I = ik-ki, (49) 

Ixk=kxl=ji~ij, 

as may be seen by multiplying the idemfactor 

I = ii + jj + kk 

into i, j, and k successively. These expressions represent 
quadrantal versors about the axis i, j, k respectively combined 
with annihilators along those axes. They are equivalent, 
when used in direct multiplication, to i x, jx, k x respectively, 

axk)a=(kxi)a=-(ii+jj), 

(Ixk)8=:(kxl)8 = -ai~ij)» 
(Ixk)* = (kxl)* = ii-hij, 

The expression (I x k)* is an idemfactor for the plane of i and 
j, but an annihilator for the direction k. In a similar man- 
ner the dyad kk is an idemfactor for the direction k, but an 
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annihilator for the plane perpendicular to k. These partial 

idemfactors are frequently useful. 

If a, b, are any three vectors and a^ b', o' the reciprocal 

system, 

aa' + bV 

used as a prefactor is an idemfactor for all vectors in the 
plane of a and b, but an annihilator for vectors in the direc- 
tion c. Used as a postfactor it is an idemfactor for all vectors, 
in the plane of a' and b'^ but an annihilator for vectors in the 
direction e'. In like manner the expression 



used as a prefactor is an idemfactor for vectors in the direction 
c, but for vectors in the plane of a and b it is an annihilator. 
Used as a postfactor it is an idemfactor for vectors in the 
direction o', but an annihilator for vectors in the plane of a' 
and b', that is, for vectors perpendicular of c. 
If a and b are any two vectors 

(a X b) X I = I X (a X b) = ba - ab. (60) 

For 

{(a xb)xl}»r = (axb) x r = baT — abT = (ba — ab)T. 

The vector a x b in cross multiplication is therefore equal to 
the dyadic (ba — ab) in direct multiplication. If the vector 
is used as a prefactor the dyadic must be so used. 

(a xb) xr = (ba — ab)»r, 
rx(axb)=r.(ba-- ab). (61) 

This is a symmetrical and easy form in which to remember 
the formula for expanding a triple vector product. 



p 
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Seduction of Dyadies to Normal Form 

115.] Let be any complete dyadic and let r be a unit 
vector. Then the vector r' 

r'= ^T 

is a linear function of r. When r takes on all values consis- 
tent with its being a unit vector — that is, when the terminus 
of r describes the surface of a unit sphere, — the vector r' 
varies continuously and its terminus describes a surface. This 
surface is closed. It is in fact an ellipsoid.^ 

Theorem : It is always possible to reduce a complete dyadic 
to a sum of three terms of which the antecedents among 
themselves and the consequents among themselves are mutu- 
ally perpendicular. This is called the normal form of 0. 

^ = ai'i + Jj'j +ck'k. 

To demonstrate the theorem consider the surface described 

by 

r'= (P.r. 

As this is a closed surface there must be some direction of r 
which makes r' a maximum or at any rate gives r' as great 
a value as it is possible for r' to take on. Let this direction 
of r be called 1, and let the corresponding direction of r' — 
the direction in which r' takes on a value at least as great as 
any — be called a. Consider next all the values of r which 
lie in a plane perpendicular to L The corresponding values 
of r' lie in a plane owing to a fact that ^ • r is a linear vector 

^ This may be prored as f dUowa : 

Hence r.p=l= r'«(#c-».# -i)-r' = r'.T-p'. 

By expreflringTinnomonfonB, the equation r'^T • 1^= 1 if seen to bo of the second 
degree. Hence r^ describes a qoadrie sar^Me. Tbe onlj closed qnadric sor£ace 
li the ellipsoid. 
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fanction. Of these values of r' one must be at least as great 
as any other. Call this b and let the corresponding direction 
of r be called j. Finally choose k perpendicular to i and j 
upon the positive side of plane of i and j. Let o be the 
value of r' which corresponds to r = k. Since the dyadic 
changes i, j, k into a, b, c it may be expressed in the form 

(^ = ai + bj + ok. 

It remains to show that the vectors a, b, e as determined 
above are mutually perpendicular. 

r' = (ai +bj +ck).r, 

dr' = (ai -f bj +ck).dr, 

r'.dr'= r'»ai.dr +r'»bj»(ir +r'»ck»rfr. 

When r is parallel to i, r' is a maximum and hence must be 
perpendicular to (2r'. Since r is a unit vector dx i& always 
perpendicular to r. Hence when r is parallel to i 

r'-b j.rfr +r'.o k*dr = 0. 

If further dx ia perpendicular to j, r'*c vanishes, and if 
(2r is perpendicular to k, r'*b vanishes. Hence when r is 
parallel to i, r' is perpendicular to both b and c. But when 
r is parallel to i, r' is parallel to a. Hence a is perpendicular 
to b and e. Consider next the plane of j and k and the 
plane of b and e. Let r be any vector in the plane of j and k. 

r'==(bj + ok).r, 

rfr' = (bj + ok)*dr, 

r' . (ir' = r' • b j • dr + r' • k • dr. 

When r takes the value j, r' is a maximum in this plane and 
hence is perpendicular to (2r'. Since r is a unit vector it is 
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perpendicular to dr. Hence when r is parallel to j, clr 
is perpendicular to j, and 

r'.dr' = = r'*o k-rfr. 

Hence r ' • o is zero. But when r is parallel to j, r^ takes the 
value b. Consequently b is perpendicular to o. 

It has therefore heen shown that a is perpendicular to b and 
0, and that b is perpendicular to c. Consequently the three 
antecedents of <P are mutually perpendicular. They may be 
denoted by i', j', k'. Then the dyadic takes the form 

* = ai'i + Jj'j +ck'k, (62) 

where a, &, c are scalar constants positive or negativa 

116.] Theorem: The complete dyadic may always be 
reduced to a sum of three dyads whose antecedents and 
whose consequents form a right-handed rectangular system 
of unit vectors and whose scalar coefficients are either all 
positive or all negative. 

0=± (ai'i + ij'j + ck'k). (53) 

The proof of the theorem depends upon the statements 
made on page 20 that if one or three vectors of a right-handed 
system be reversed the resulting system is left-handed, but 
if two be reversed the system remains right-handed. If then 
one of the coefficients in (52) is negative, the directions of the 
other two axes may be reversed. Then all the coefficients 
are negative. If two of the coefficients in (52) are negative, 
the directions of the two vectors to which they belong may 
be reversed and then the coefficients in <P are all positive. 
Hence in any case the reduction to the form in which all 
the coefficients are positive or all are negative has been 
performed. 

As a limiting case between that in which the coefficients 
are all positive and that in which they are all negative comes 
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the case in which one of them is zero. The dyadic then 

takes the form 

= ai'i + Jj'j (64) 

and is planar. The coefficients a and h may always be taken 
positive. By a proof similar to the one given above it is 
possible to show that any planar dyadic may be rednced to 
this form. The vectors i' and j' are perpendicular, and the 
vectors i and j are likewise perpendicular. 

It might be added that in case the three coefficients a, 5, c 
in the reduction (58) are all different the reduction can be 
performed in only one way. If two of the coefficients (say 
a and V) are equal the reduction may be accomplished in an 
infinite number of ways in which the third vector k' is always 
the same, but the two vectors i', j' to which the equal coeffi- 
cients belong may be any two vectors in the plane per- 
pendicular to k. In all these reductions the three scalar 
coefficients will have the same values as in any one of them. 
If the three coefficients a, b^ c are all equal when is reduced 
to the normal form (53)» the reduction may be accomplished 
in a doubly infinite number of ways. The three vectors 
i^ j', k' may be any right-handed rectangular system in 
space. In all of these reductions the three scalar coefficients 
are the same as in any one of them. These statements will 
not be proved. They correspond to the fact that the ellipsoid 
which is the locus of the terminus of r' may have three 
different principal axes or it maybe an ellipsoid of revolution, 
or finally a sphere. 

Theorem : Any self-conjugate dyadic may be expressed in 

the form d> = aii + Jjj + ckk (66) 

where a, 5, and c are scalars, positiye or negatiTe. 
Let ^ = ai'i +5j'j +ck'k, (52) 

0„=aii' +Jjj' +ckk', 
so 
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Since 



,= 0„. 0=z 0\ 



I = ii +jj +kk=i'i'+j'j H-k'k', 

^a-a^I =(J«-aa)j'j' + (c^ - a^) k'k', 

(<P»-aai).i' = 

*« - a« I = (6« - a«) j j + (c* - a*) k k, 

((pa-aai).i = a 

If i and i' were not parallel (^j — «* I) would annihilate 
two vectors i and i' and hence every vector in their plane. 
(<p« — a* I) would therefore possess two degrees of nullity 
and be linear. But it is apparent that M a^hjC are different 
this dyadic is not linear. It is planar. Hence i and i' must 
be parallel. In like manner it may be shown that j and j ', 
k and k' are parallel. The dyadic therefore takes the form 

*= aii + Jjj +ckk 

where a, }, c are positive or negative scalar constants. 

Dovhle MtUtiplieation^ 

117.] Definition: The double dot product of two dyads is 
the scalar quantity obtained by multiplying the scalar product 
of the antecedents by the scalar product of the consequents. 
The product is denoted by inserting two dots between the 

^y*^- ab:od = a.o b.d. (66) 

This product evidently obeys the commutative law 

ab:cd = ed:ab, 

1 The mearchet of Pzofenor Oibbs upon Double MvkipUcalim ue here 
printed for the first time. 
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and the distributive law both with regard to the dyads and 
with regard to the vectors in the dyads. The double dot 
product of two dyadics is obtained by multiplying the prod- 
uct out formally according to the distributive law into the 
sum of a number of double dot products of dyads. 

If (P = aibi + aab2 + a8b8+ ••• 

and y = Cj dj + Cj dj + Cg dg + • • ' 

01 y=(aibi + aaba + a8b3 + ...) :(Cidi + Cada 

+ C8d8+--) 
= *i*iSOidi + aibi:cjd3 + aibi:c8d8+ ••• 
+ ajba:cidi + ajb^rcada + ajb^tCgdj + ••• (56/ 
+ asbgrcjdi + agbgrc^da + agbg rcjdg + • .. 
+ 

<2>:7'=aj*ei bi-dj + a^-Cj bi-dj + aj-Cg bi»d3 + -.- 

+ a3«Ci bj-dj+dj-Cj b^^dj + a^^Og b3»d8 + «-* 

+ a8«Ci bg.dj + ag-Cj bg^d^ + ag-e, bg«d8 + --. 

+ . . (66)" 

Definition: The double cross product of two dyads is the 

dyad of which the antecedent is the vector product of the 

antecedents of the two dyads and of which the consequent is 

the vector product of the consequent of the two dyads. The 

product is denoted by inserting two crosses between the 

dyads 

abxOd = axe b x d. (57) 

This product also evidentiy obeys the commutative law 

ab 1^ ed = od ^ ab, 
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and the distributive law both with regard to the dyads and 
with regard to the vectors of which the dyads are composed. 
The double cross product of two dyadics is therefore defined 
as the formal expansion of the product according to the 
distributive law into a sum of double cross products of 
dyads. 

If (p = aibi + aaba + a8b3 + ••• 

and y* = Cxdi + Cgdj + Cgdg + ••• 

(P ; y = (ajbi + ajbj + agbj + • • •) 5 (Cid^ + c^d, 

+ C8d3 + ...) 
= a^bi ; Cidj + ajbi J c, d, + a^bi J Cjdj + • • • 
+ ^2*2 X «idi + ^2*2 X Cjdj + ajba J Cgdg + • • - (57)' 
+ ajbg 5 Cjdi + ajbg 5 Cadj + agbg J Cgdg + • • . 
+ 

*jy=aiXCi bjXdi + aiXCa biXd^ + aiXCg biXdg+-- 
+ a2X0i baXdi + a^xo, b^xd^ + a^xog bjXdg+... 
+ agXOg bgXdi +agXCa bgXd^ +agXCg b8Xdg + ... 
+ (57)'' 

Theorem: The double dot and double cross products of 
two dyadics obey the commutative and distributive laws of 
midtiplication. But the double products of more than two 
dyadics (whenever they have any meaning) do not obey the 

associative law. 

01 ¥= ¥ 10 



5 



01W=W10 (68) 

The theorem is soffioienUy evident without demonstration. 
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Theorem: The double dot product of two fundamental 
dyads is equal to unity or to zero according as the two 
dyads are equal or diiSerent. 

ij:ii = i.ii.j = l 
ii:ki = i.k j.i = 0. 

Theorem: The double cross product of two fundamental 
dyads (12) is equal to zero if either the antecedents or the 
consequents are equal. But if neither antecedents nor con- 
sequents are equal the product is equal to one of the funda- 
mental dyads taken with a positive or a negative sign. 

That is 

ij ;;ik =ixi jxk = 

ijjki =ixk j xi = +jk. 

There exists a scalar triple product of three dyads in 
which the multiplications are double. Let <2^, 7, «& be any 
three dyadics. The expression 

01 WxQ 

is a scalar quantity. The multiplication with the double 
cross must be performed first. This product is entirely in- 
dependent of the order in which the factors are arranged or 
the position of the dot and crosses. Let ab, od, and ef be 

three dyads, 

ab;:ed:ef=[aee] [bdf]. (59) 

That is, the product of three dyads united by a double cross 
and a double dot is equal to the product of the scalar triple 
product of the three antecedents by the scalar triple product 
of the three consequents. From this the statement made 
above follows. For if the dots and crosses be interchanged 
or if the order of the factors be permuted cyclicly the two 
scalar triple products are not altered. If the cyclic order of 
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the factors is reversed each scalar triple product changes 

sign. Their product therefore is not altered. 

118.] A dyadic <P may be multiplied by itself with double 

cross. Let 

^ = al + bm + en 

(p J(p = (al + bm + cn) 5 (al + bm + cn) 

=axa Ixl+axb Ixm+axo Ixn 

+ bxa mxl + bxb mxm + bxo mxn 

+ cxa nxl + cxb nxm + oxe n x n. 

The products in the main diagonal vanish. The others are 
equal in pairs. Hence 

0i0=z2(bxe mxn + cxa nxl + axb Ixm). (60) 

U a, by and 1, m, n are non-coplanar this may be written 

^.^ 2 



[abc] [Imn] 



(a'r +b'm' +c'nO. (60)' 



? 



The product (P J (P is a species of power of 0. It may be re- 
garded as a square of • The notation 0^ will be employed 
to represent this product after the scalar factor 2 has been 
stricken out. 

0>^0 
*a=-|-- = (bxc mxn + oxa nxl + axb lxm)(61) 

The triple product of a dyadic expressed as the sum of 
three dyads with itself twice repeated is 

0^010=2 0^10 

^2:^=(bxo mxn + cxa nxl + axb Ixm) 
:(al + bm + en). 

In expanding this product eveiy term in which a letter is 
repeated vanishes. For a scalar triple product of three vec 
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tors two of which are equal is zero. Hence the product 
reduces to three terms only 

(pj:(p=[bca] [mnl] + [cab] [nlm] + [abc] [Imn] 
or (Pj: (P = 8 [abc] [Imn] 

^J^:^ = 6[abc] [Imn]. 

The triple product of a dyadic by itself twice repeated is 
equal to six times the scalar triple product of its antecedents 
multiplied by the scalar triple product of its consequents. 
The product is a species of cube. It will be denoted by (Pg 
after the scalar factor 6 has been stricken out. 



01010 



X 



^8 — 



6 



= [abc] [Imn]. (62) 



119.] If 0^ be called the secovd of 0; and 0^^ the third of 
0^ the following theorems may be stated concerning the 
seconds and thirds of conjugates, reciprocals, and products. 

Theorem : The second of the conjugate of a djradic is equal 
to the conjugate of the second of that dyadic. The third of 
the conjugate is equal to the third of the dyadic. 

Theorem: The second and third of the reciprocal of a 
dyadic are equal respectively to the reciprocals of the second 
and third. 

(64) 
Let 



(<?-!), = (<?»,)-l=<P,-l 


\ / 


<^ = al + bm + o]i 




<p-i = l'a' + m'b' + ii'o' 


(86) 


a'l' + Vm' + o'n' 
'~ [abc] pmn] 


(60)' 
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(<P^-» = [abo] pmn] (1» + mb + no) 

_ la + mb + ne 
^ ^»~[a'b'o'] [I'm'n'] 

But C»'*'<I [»!>«] = 1 and p'm'n'J [Ixnn] = 1. 
Hence (tf»,)-i = (^"Oa = <P»"^- 

*8=[abo] pmn], 

^**-^~^^[abo] pmn]' 
(^-i),= [a'b'c'] p'm'n*]. 
Hence (<P,)-» = (<P-08 = <Pa-^. 

7%«orem; The second and third of a product are equal 
respectively to the product of the seconds and the product of 
the thirds. 

Choose any three non-coplanar vectors 1, m, n as consequents 
of and let 1', rn'^n' be the antecedents of W. 

(P = al + b m + en, 

y = l'd + m'e + n'f, 

• y = ad + bc + of, 

((p.r)j=bxc exf+cxa fxd + axb dxe, 

<9, = bxe mxn + oxa nxl + axb Ixm, 

?r, = m' X n' e X f + n' X r f x d + 1' x m' d x c. 

Hence (P, -y, = bxc exf + cxa fxd + axb dxe. 

Hence ((P • JP), = *, • JT, • 

((P. r)3 = [abc][def] 



"1 
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^3=[abc] pmn], 
y3=[l'm'n'] [def]. 
Hence 0^ W^ = [abc] [dcf]. 

Hence (<P • ^Oa = <^8 '^s- 

Theorem : The second and t^hird of a power of a dyadic are 
equal respectively to the powers of the second and third of 
the dyadic. 

(<p-),=(<p,)-=<p,- 

Theorem: The second of the idemfactor is the idemf actor. 
The third of the idemfactor is unity. 

1:1. <«'> 

Theorem: The product of the second and conjugate of 

a dyadic is equal to the product of the third and the 

idemfactor. 

0^.0,^0^1, (68) 

^2 = bxo mxn + exa nxl + axb Ixm, 

<9^=:la + mb + no, 

(P, • *c= pmn] (bxc a + exa b + axbc). 

The antecedents a, b, c of the dyadic may be assumed to 
be non-coplanar. Then 

(bxc a + cxa b + axb c) = [abc] (a'a + Vb + c'c) 

= [abc] I. 
Hence (p^ . (p, = 0^ I. 

laO.] Let a dyadic be given. Let it be reduced to the 
sum of three dyads of which the three antecedents are 
non-coplanar. 
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^ = al + b m + en, 
(p,=:bxo mxn + cxa nxl + axb Ixm, 
^3= [abc] [Imn]. 

Theorem: The necessary and sufficient condition that a 
dyadic be complete is that the third of (P be different from 
zero. 

For it was shown (Art 106) that both the antecedents and 
the consequents of a complete dyadic are non-coplanar. 
Hence the two scalar triple products which occur in 0^ 
cannot vanish. 

Theorem: The necessary and sufficient condition that a 
dyadic be planar is that the third of shall vanish but the 
second of shall not vanish. 

It was shown (Art. 106) that if a dyadic be planar its con- 
sequents 1, m, n must be planar and conversely if the conse- 
quents be coplanar the dyadic is planar. Hence for a planar 
djradic 0^ must vanish. But 0^ cannot vanish. Since a, 
b, c have been assumed non-coplanar, the vectors b x e, c x a, 
a X b are non-coplanar. Hence if 0^ vanishes each of the 
vectors mxn,nxl,lxm vanishes — that is, 1, m, n are col- 
linear. But this is impossible since the dyadic is planar 
and not linear. 

Theorem: The necessary and sufficient condition that a 
non-vanishing dyadic be linear is that the second of 0^ and 
consequently the third of <P, vanishes. 

For if <P be linear the consequents 1, m, n, are coUinear. 
Hence their vector products vanish and the consequents of 
0^ vanish. If conversely 0^ vanishes, each of its consequents 
must be zero and hence these consequents of are collinear. 

The vanishing of the third, unaccompanied by the vanish- 
ing of the second of a dyadic, implies one degree of nullity. 
The vanishing of the second implies two degrees of nullity. 
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The vanishing of the dyadic itself is complete nullity. The 
results may be put in tabular fonn. 

0^^ Oj 0ia complete. 
(Pj = 0, <Pa 9t 0, (P is planar. (69) 

^3 = 0, (Pa = 0, (P 9t 0, (P is linear. 

It follows immediately that the third of any antinself-conjugate 
dyadic vanishes; but the second does not. For any such 
dyadic is planar but cannot be linear. 

Nonion Form. Determinants} Invariants of a Dyadic 

121.] If <2^ be expressed in nonion form 

* = Oil ii + ajj ij + ajg ik (18) 

+ aaiJi + aaaJJ + «28Jk 

+ a8iki + a33kj + a^lLlL. 

The conjugate of has the same scalar coefficients as 0^ but 
they are arranged symmetrically with respect to the main 
diagonal. Thus 

+ «iaJi + «2aJJ + «MJk, (70) 

+ ai8ki + aa8Jk+a38kk. 

The second of may be computed. Take, for instance, one 

term. Let it be required to find the coefficient of i j in (P^. 

What terms in can yield a double cross product equal to 

ij? The vector product of the antecedents must be i and 

the vector product of the consequents must be j. Hence the 

antecedents must be j and k ; and the consequents, k and i. 

These terms are 

«aiJi5«88kk = -ajia38ij 

«8iki5a28Jk = a8i«a8U- 

1 The xesnlts hold only for determiDantfl of the third order. The extension to 
determinante of higher orders is through Multiple Algebra. 
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Hence tibe tern in i j in #, is 

This is tibe fiist minor of Oj, in the detenmnaofc 

*u «M ^ 
^ St ^ 
^ ^ ^ 

This minor is taken with the negatiye sign. That is, the 
coefficient of i j in #| is what is termed the cofador of the 
coefficient of i j in the determinant. The co&ctor is merely 
the first minor taken with the positiye or negatiye sign 
according as the sum of the sohscripts of the tenn whose 
first minor is onder considnation is even ot odd. The co- 
efficient of any dyad in #, is easily seen to be the cofactor of 
the corresponding term in 0. The cofacton are denoted 
generally by laige letters. 



Ai= 



-rf«=- 



-*«=- 



Hi 
«« 






18 the ooCbcUm' of Ojj. 
is the co&ctor of O],. 
is tlie cofactor of On. 



(71) 



? 



With diiB notatiom the second of becomes 

+ ^ikl + ^„ki + .4„kk. 

The TBlne of the third of maj be obtained by initing 
as the sum of three dyads 

* = (0^1+ On j + a„k)l + (a„l + a„j + «„k)j 
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(aisi + a,3J + a33k)][ijk] 



This is easily seen to be equal to the determinant 



^1 
Hi 



a. 



la 



«M 



*8a 



^8 

«a8 

«88 



a2) 



For this reason 0^ is frequently called the determinant of 
and is written 

^8=1^1 (72/ 

The idea of the determinant is very natural when is 
regarded as expressed in nonion form. On the other hand 
unless be expressed in that form the conception of 0^ 
the third of 0^ is more natural. 

The reciprocal of a dyadic in nonion form may be found 
most easily by making use of the identity 



*a**c7=^8l 



(68) 



or 



B -1 — _ 



or 



Hence 



^-1=4 (p, 



80- 









} 



«11 ^8 ^8 
Si «28 «28 



*88 



(78) 



5 
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If the determinant be denoted bjr D 

If 7 is a second dyadic given in nonion form as 
y = 6„ii + 6„ij + 6i,ik, 

+ &„ki + &„kj + 6a,kk, 

the product <9 • 7 of the two dyadics may readily be f oond 
by actually performing the multiplication 

0»W= (an J,i + a„ J„ + o„ 5„) ii + (a,i &„ + a„ J„ 

+ «18 *8») U + («U *18 + «U *» + «18 *88) ^^ 
+ (««1 ^U + «M *al + «J8 *8l) J i + (««1 \t + «M *M 
+ «»*8«)JJ + (««l*18 + «M*«8 + «»8*88)ak 

+ («8i*ii + '»8a*ai + «a8*8i)ki+ («81*U + «8«*M 

+ «88 *8a) k J + («81 *1J + «88 *» + «88 ^Ss) ^k. 

*: y = a,i6„ + a„6„ + a„5„ 

+ ««1 &«1 + «M *M + «M *J8 (75) 

+ «81 *81 + «81 *8J + «88^88- 

Since the third or determinant of a product is equal to the 
product of the determinants, the law of multiplication of 
determinants follows from (65) and (74). 
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819 



^u «ia ^8 




*11 *12 


il8 




«11*11 + «12^21 + 


«18 *81 


^21 «aa ^8 




ftjl *22 


»28 


= 


^21*11 + ^22 ^21 + ^28 ^81 


^81 ^82 «88 




*81 *82 


^88 




«81^1 + «82*21 + «88^81 


«ll*ia + «12*2a + ^18*82 


«11^8 + «12*28 + «18*88' 




«21*12 + «22*2a + ^a8*8a 


«21 ^8 + S2 *28 + «28 ^88' 


(76) 


«81*12 + «82^ 


^22 + ^88*82 


«81 


6l8- 


^■ ^82 *28 + «88 *88- 





The rule may be stated in words. To multiply two deter- 
minants f onn the determinant of which the element in the 
mth row and nth column is the sum of the products of the 
elements in the mth row of the first determinant and nth 
column of the second. 



If 

Then 

l(?al=i 

Hence 

Hence 



(P = al + bm + en, 
0^z:zhxc mxn + exa nxl + axb Ixm. 

Pj)3 =p)xc cxa axb] [mxn nxl Ixm] 
I <P2 1 = (<P2)8 = [abcp pmnp = 0^\ 



Hi 

*21 

Ui 



A 



12 



^18 



-^22 -^2 



^82 



^88 



'^ll 



*12 



*28 



*88 



(77) 



The determinant of the cofactors of a given determinant of 
the third order is equal to the square of the given determinant. 
122.] A dyadic has three scalar invariants — that is 
three scalar quantities which are independent of the form in 
which is expressed. These are 

the scalar of <9, the scalar of the second of <9, and the third 
or determinant of 0. If (9 be expressed in nonion form these 
quantities are 
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^^2)5 = ^11 + ^21 + ^88 



(78) 



*ll 

»21 
^81 



*12 **18 



a. 



'22 



^88 



No matter in terms of what right-handed rectangular system 
of these unit vectors may be expressed these quantities are 
the same. The scalar of (? is the sum pf the three coefficients 
in the main diagonal. The scalar of the second of <2^ is the 
sum of the first minors or cofactors of the terms in the 
main diagonal The third of (9 is the determinant of the 
coefficients. These three invariants are by far the most 
important that a dyadic possesses. 

Theorem : Any dyadic satisfies a cubic equation of which 
the three invariants 0jgy 0^gt 0^ are the coefficients. 

By (68) ((P - « I), . ((P - »I)^ = ((P - « 1)3 



(<P-^I)8 = 



«n-« «i2 ^18 

hz «82 



«18 ^82 «88— « 

Hence ((P — «I)g = ^j — a: 0^^ + x^ <Pi — »* 

as may be seen by actually performing the expansion. 

(^ - a: I), . (^ - a?I)c7 = (Pg - a: 0^a + a?» (P^ - xK 

This equation is an identity holding for all values of the 
scalar x. It therefore holds, if in place of the scalar x^ the 
dyadic which depends upon nine scalars be substituted. 
That is 

(^0^0.1)^.(0^ 0.1)^ = 1 0^^0 0^g+ 0^0g^ 0\ 

But the terms apon the left are identically zero. Hence 



0t _ ^, <p" + <p„ <P - *,I = 0. 



a9) 
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This equation maybe called the Hamilton-Cayley equation. 
Hamilton showed that a quaternion satisfied an equation 
analogous to this one and Cayley gave the generalization to 
matrices. A matrix of the nth order satisfies an algebraic 
equation of the nth degree. The analogy between the theory 
of dyadics and the theory of matrices is very close. In fact, 
a dyadic may be regarded as a matrix of the third order and 
conversely a matrix of the third order may be looked upon as 
a dyadic. The addition and multiplication of matrices and 
dyadics are then performed according to the same laws. A 
generalization of the idea of a dyadic to spaces of higher 
dimensions than the third leads to Multiple Algebra and the 
theory of matrices of orders higher than the third. 

SuMMABY OP Chapter V 

A vector r' is said to be a linear function of a vector r 
when the components of r' are linear homogeneous functions 
of the components of r. Or a function of r is said to be a 
linear vector function of r when the function of the sum of 
two vectors is the sum of the functions of those vectors. 

f(r, + r,)=f(ri) + f(r,). (4) 

These two ideas of a linear vector function are equivalent. 
A sum of a number of symbolic products of two vectors, 
which are obtained by placing the vectors in juxtaposition 
without intervention of a dot or cross and which are called 
dyads, is called a dyadic and is represented by a Greek 
capital. A dyadic determines a linear vector function of 
a vector by direct multiplication with that vector 

<p = ai bi + aj bj + ag bj + • • • (7) 

(p • r = a^ bx • r + a, b, • r + a, b, T + • • • (8) 

SI 
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Two dyadics are equal when they are equal as operators 
upon all vectors or upon three non-coplanar vectors. That 
is, when 

^ • r = y • r for all values or for three non- 
coplanar values of r, (10) 

or r • ^ = r • JP* for all values or for three non- 

coplanar values of r, 

or g • ^ • r = s • JT • r f or all values or for three non- 
coplanar values of r and 8. 

Any linear vector function may be represented by a dyadic. 

Dyads obey the distributive law of multiplication with 
regard to the two vectors composing the dyad 

(a + b + o+---)G + m + ii + **0 = ^l + <^™ + <^i^+-** 

+ bl + biii + bn+ •• • 

+ ol + om + 0)1+ • •• 
+ 

(iiy 

Multiplication by a scalar is associative. In virtue of these 
two laws a dyadic may be expanded into a sum of nine terms 
by means of the fundamental dyads, 

ii, ij. ik, 

ji, jj, jk, OS) 

ki, kj, kk, 

as * = «!! ii + ^w ij + a^^ ik, 

= «,iJi + «MJj + «,8Jk, OX) 

= aji ki + a^ kj + a,, kk. 

If two dyadics are equal the corresponding coefficients in 
their expansions into nonion form are equal and conversely. 
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Any dyadic may be expressed as the sum of three dyads of 
which the antecedents or the consequents are any three 
given non-coplanar vectors. This expression of the dyadic is 
unique. 

The symbolic product ab known as a dyad is the most 
general product of two vectors in which multiplication by a 
scalar is associative. It is called the indeterminate product. 
The product imposes five conditions upon the vectors a and 
b. Their directions and the product of their lengths are 
determined by the product. The scalar and vector products 
are functions of the indeterminate product. A scalar and 
a vector may be obtained from any dyadic by inserting a dot 
and a cross between the vectors in each dyad. This scalar 
and vector are functions of the dyadic. 

*5 = ai • bi + a, . b, + ag . bg + . . . (18) 

tf^ = a^ X bj + a, X bj + ag X bj + • • • (19) 

*5 = i.*.i+j.*.i + k.*.k (20) 

<p^ = (j.<p.k-k-<P-j)i + (k.<P.i-i.<P.k)j 
+ (i.*.j-j-<P.i)k (21) 

= («28 - «w) i + («8i - «i8) i + («i2 - «Jl) ^ 

The direct product of two dyads is the dyad whose ante- 
cedent and consequent are respectively the antecedent of the 
first dyad and the consequent of the second multiplied by 
the scalar product of the consequent of the first dyad and 
the antecedent of the second. 

(ab) . (od) = (b.o)ab. (28) 

The direct product of two dyadics is the formal expansion, 
according to the distributive law, of the product into the 
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sum of products of dyads. Direct midtiplication of dyadics 
or of dyadics and a yector at either end or at both ends obeys 
the distributive and associative laws of multiplication. Con- 
sequently such expressions as 

(P.y.r, g.^-y, g.<P*y*r, 0.W^Q (24)-(26) 

may be written without parentheses; for parentheses may 

be inserted at pleasure without altering the value of the 

product. In case the vector occurs at other positions than 

at the end the product is no longer associative. 

The skew product of a dyad and a vector may be defined 

by the equation 

(ab) X r = a b X r, 

rx (ab)=rxa b. (28) 

The skew product of a dyadic and a vector is equal to the 
formal expansion of that product into a sum of products of 
dyads and that vector. The statement made concerning the 
associative law for direct products holds when the vector is 
connected with the dyadics in skew multiplication. The 
expressions 

rx^-r, 0*¥ XTj rx<P«s, r«<Pxs, rx<Pxs (29) 

may be written without parentheses and parentheses may be 
inserted at pleasure without altering the value of the product. 
Moreover 

• . (r X <P) = (• X r) • *, (* X r) • • = <P • (r X •), 

<p. (r X r) = (* X r) . r. (8iy 

But the parentheses cannot be omitted. 

The necessaiy and su£Bcient condition that a dyadic may 
be reduced to the sum of two dyads or to a single dyad or 
to zero is that» when expressed as the sum of three 
dyads of which the antecedents (or consequents) are known 
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to be non-coplanar, the consequents (or antecedents) shall 
be respectively coplanar or collinear or zero. A complete 
dyadic is one which cannot be reduced to a sum of fewer 
than three dyads. A planar dyadic is one which can be 
reduced to a sum of just two dyads. A linear dyadic is one 
which can be reduced to a single dyad. 

A complete dyadic possesses no degree of nullity. There 
is no direction in space for which it is an annihilator. A 
planar dyadic possesses one degree of nullity. There is one 
direction in space for which it is an annihilator when used as 
a prefactor and one when used as a postfactor. A linear 
dyudic possesses two degrees of nullity. There are two 
independent directions in space for which it is an annihilator 
when used as a prefactor and two directions when used as a 
postfactor. A zero dyadic possesses three degrees of nullity 
or complete nullity. It annihilates every vector in space. 

The products of a complete dyadic and a complete, planar, 
or linear dyadic are respectively complete, planar, or linear. 
The products of a planar dyadic with a planar or linear dyadic 
are respectively planar or linear, except in certain cases where 
relations of perpendicularity between the consequents of the 
first dyadic and the antecedents of the second introduce one 
more degree of nullity into the product. The product of a 
linear dyadic by a linear dyadic is in general linear ; but in 
case the consequent of the first is perpendicular to the ante- 
cedent of the second the product vanishes. The product of 
any dyadic by a zero dyadic is zero. 

A dyadic which when applied to any vector in space re- 
produces that vector is called an idemfactor. All idemfactors 
are equal and reducible to the form 

I = ii + jj + kk. (88) 

Or I = aa' + bV + oo'. (84) 

The product of any dyadic and an idemfactor is that dyadic. 
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If the product of two complete dyadics is equal to the idem* 
factor the dyadics are commutatiye and either is called 
the reciprocal of the other. A complete dyadic may be 
canceled from either end of a product of dyudics and vectors 
as in ordinary algebra ; for the cancelation is equivalent to 
multiplication by the reciprocal of that dyadic. Incomplete 
dyadics possess no reciprocals. They correspond to zero in 
ordinary algebra. The reciprocal of a product is equal to the 
product of the reciprocals taken in inverse order. 

{0 . JT)-! = JT-i . 0-1. (88) 

The conjugate of a dyadic is the dyadic obtained by inter- 
changing the order of the antecedents and consequents. The 
conjugate of a product is equal to the product of the con- 
jugates taken in the opposite order. 

(<P. r)a= ^c-K (40) 

The conjugate of the reciprocal is equal to the reciprocal of 
the conjugate. A djradic may be divided in one and only 
one way into the sum of two parts of which one is self- 
conjugate and the other anti-self-conjugate. 

<P = 1(<P+<P,) + J(<P-<P,). (48) 

Any anti-self-conjugate dyadic or the anti-self-conjugate 
part of any dyadic, used in direct multiplication, is equivalent 
to minus one-half the vector of that dyadic used in skew 
multiplication. 

ir.((P-<P,)=-lrx<P,. (44) 

A dyadic of the form oxiorlxois anti-self-conjugate and 
used in direct multiplication is equivalent to the vector o 
•used in skew multiplication. 
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Also X r = (I X o) • r = (o X I) • r, (46) 

X <P = (I X o) • <P = (o X I) • *. 

The dyadic o x I or I x o, where o is a unit vector is a quad- 
rantal versor for vectors perpendicular to o and an annihilator 
for vectors parallel to o. The dyadic Ixo + ooisa true 
quadrantal versor for all vectors. The powers of these dyadics 
behave like the powers of the imaginary unit ^^^, as may 
be seen from the geometric interpretation. Applied to the 
unit vectors i, j, k 

I X i = i X I = k j - j k, etc, (49) 

The vector a x b in skew multiplication is equivalent to 
(a X b) X I in direct multiplication. 

(axb) xT = Ix (axb)=ba-ab (60) 

(a X b) X r = (b a — ab) • r 

rx(axb)=:r.(ba- ab). (61) 

A complete dyadic may be reduced to a sum of three 
dyads of which the antecedents among themselves and the 
consequents among themselves each form a right-handed 
rectangular system of three unit vectors and of which the 
scalar coefficients are all positive or all negative. 

<P = ± (a i'i + ft j'j + c k'k). (58) 

This is called the normal form of the dyadic. An incom- 
plete dyadic may be reduced to this form but one or more of 
the coefficients are zero. The reduction is unique in case 
the constants a, ft, c are different. In case they are not 
different the reduction may be accomplished in more than 
one way. Any self-conjugate dyadic may be reduced to 

the normal form 

* = aii + ftjj + <;kk, (55) 

in which the constants a, ft, c are not necessarily positive. 
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The double dot and double cross multiplication of dyads 
is defined bj the equations 

ab:od = a-o b^d, (56) 

abSod = axo bxd. (57) 

The double dot and double cross multiplication of djadics 
is obtained bj expanding the product formally, according to 
the distributiye law, into a sum of products of dyads. The 
double dot and double cross multiplication of dyadics is com- 
mutative but not associative. 

One-half the double cross product of a dyadic by itself 
is called the second of <P. If 

^=:al + biii + on, 

<P,=5 <Px <P=bxc mxn+oxa nxl + axb Ixm. (61) 

One-third of the double dot product of the second of and 
is called the third of and is equal to the product of the 
scalar triple product of the antecedents of and the scalar 
triple product of the consequent of 0, 

<p,=l<p; 01 <p=[abo] pmn]. (62) 

The second of the conjugate is the conjugate of the second. 
The third of the conjugate is equal to the third of the 
original dyadic. The second and third of the reciprocal are 
the reciprocals of the second and third of the second and 
third of a dyadic. The second and third of a product are the 
products of the seconds and thirds. 

{0c\ = 0^ (63) 

(0'\^{0^-\ (64) 

(<P. r),= <P,.r, (65) 

(<p.r)«=<P««P'r 
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The product of the second and conjugate of a dyadic is equal 
to the product of the third and the idemfactor. 

<P,-<Pc7=<P«I (68) 

The conditions for the various degrees of nullity may be 
expressed in terms of the second and third of 0. 

(^3 ?£: 0, <P is complete 
<p3 = 0, *, ?£ 0, <P is planar (69) 

<pj = 0, ^, = 0, ^ ?t 0, <P is linear. 

The closing sections of the chapter contain the expressions 
(70)-(78) of a number of the results in nonion form and the 
deduction therefrom of a number of theorems concermng 
determinants. They also contain the cubic equation which is 
satisfied by a dyadic 0. 

0Z _ <p^ <p2 + 0^^ <P« + *3 I = 0. (79) 

This is called the Hamilton-Cayley equation. The coeffi- 
cients 0g^ ^25, and ^3 are the three fundamental scalar in- 
variants of 0. 

Exercises on Chaptbe V 

1. Show that the two definitions given in Art 98 for 
a linear vector function are equivalent 

2. Show that the reduction of a dyadic as in (15) can be 
accomplished in only one way if a, b, o» 1, m, n, are given. 

3. Show (<P X a)(7= — a X <P^ 

4. Show that if <P x r = JT x r for any value of r different 
from zero, then must equal 9*-- unless both and ¥ are 
linear and the line of their consequents is parallel to r. 

5. Show that if <P • r = for any three non-coplanar values 
of r, then <P = 0. 
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6. Prove the statements made in Art. 106 and the con« 
yerse of the statements. 

7. Show that if i? is complete and ii • 0= ¥• S ^ then 
and ¥ are equal. Give the proof by means of theory 
developed prior to Art 109. 

8. Definition : Two dyadics such that 0»¥= ¥• — that 
is to say, two dyadics that are commutative — are said to be 
homologous. Show that if any number of dyadics are homoge- 
neous to one another, any other dyadics which may be obtained 
from them by addition, subtraction, and direct multiplication 
are homologous to each other and to the given dyadics. Show 
also that the reciprocals of homologous dyadics are homolo- 
gous. Justify the statement that H • W"^ ov W"'^ • (?, 
which are equal, be called the quotient of by W^ then the 
rules governing addition, subtraction, multiplication and 
division of homologous dyadics are identical with the rules 
governing these operations in ordinary algebra — it being 
understood that incomplete dyadics are analogous to zero, 
and the idemfactor, to unity. Hence the algebra and higher 
analysis of homologous dyadics is practically identical with 
that of scalar quantities. 

9. Show that (I x o) • <P= o x ? and (o x I) • ^=c x <P. 

10. Show that whether or not a, b, o be coplanar 

abxo+boxa+oaxb = [abo] I 
and bxoa+oxab +axbo=£abo]L 

11. If a, b, are coplanar use the above relation to prove 
the law of sines for the triangle and to obtain the relation 
with scalar coefficients which exists between three coplanar 
vectors. This may be done by multiplying the equation by a 
unit normal to the plane of a, b, and o. 

12. What is the condition which must subsist between the 
coefficients in the expansion of a dyadic into nonion form if 
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the dyadic be self-conjugate ? What, if the dyadic be anti- 
self -conjugate ? 

13. Prove the statements made in Art. 116 concerning the 
number of ways in which a dyadic may be I'educed to its 
normal form. 

14. The necessary and sufiQcient condition that an anti- 
self-conjugate dyadic be zero is that the vector of the 
dyadic shall be zero. 

15. Show that if ^ be any dyadic the product ^ • <P^ is 
self-conjugate. 

16. Show how to make use of the relation ^x = to 
demonstrate that the antecedents and consequents of a self- 
conjugate dyadic are the same (Art. 116). 

17. Show that <?« $ *a = ^^ 

and (*+ ?r),= (Pa + (P5y+ W^. 

18. Show that if the double dot product ^ : ^ of a dyadic 
by itself vanishes, the dyadic vanishes. Hence obtain the 
condition for a linear dyadic in the form ^^ : ^^ = 0. 

19. Show that (^ + ef)8 = *8 + «• <Pa*f- 

80. Show that (* + ^Os = *8 + *a 2 ^^ + * s '^'a + V^ 

21. Show that the scalar of a product of dyadics is un- 
changed by cyclic permutation of the dyadics. That is 
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CHAPTER VI 

ROTATIONS AND STRAINS 

128.] In the foregoing chapter the analytical theory of 
dyadics has been dealt with and brought to a state of 
completeness which is nearly final for practical purposes. 
There are, however, a number of new questions which present 
themselves and some old questions which present themselves 
under a new form when the dyadic is applied to physics 
or geometry. Moreover it was for the sake of the applica- 
tions of dyadics that the theory of them was developed. It is 
then the object of the present chapter to supply an extended 
application of dyadics to the theory of rotations and strains 
and to develop, as far as may appear necessary, the further 
analytical theory of dyadics. 

That the dyadic may be used to denote a transformation 
of space has already been mentioned. A knowledge of the 
precise nature of this transformation, however, was not needed 
at the time. Consider r as drawn from a fixed origin, and if 
as drawn from the same origin. Let now 

r' = <P.r. 

This equation therefore may be regarded as defining a trans- 
formation of tiie points P of space situated at the terminus of 
r into tiie point P^ situated at the terminus of r'. The origin 
remains fixed. Points in the finite regions of space remain in 
the finite regions of space. Any point upon a line 

r =:b + x% 

becomes a point r' = ^*b + ^<^*^ 



^ 
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-^^ iS go over into straight lines and lines 

^ line a go over by the transformation into 

^v^ 3 same line ^ • a. In like manner planes 

r^ and the quality of parallelism is invariant. 

^ lation is known as a homogeneotis strain. 

j\ r\ 1 is of frequent occurrence in physics. For 

) (^ lation of the infinitesimal sphere in a fluid 

T ^ ^ . Vs^ lOgeneous strain. In geometry the homo- 

\^ O :enerally known by different names. It is 

\" V ^ ij llineation with the origin fixed. Or it is 

^^ N^ homogeneous transformation. The equa« 

\JY sformation are 

= ajia; + a^^y + a^^z 

If the dyadic gives the transformation 

ice which is due to a homogeneous strain, 

\ gives the transformation of plane areas 

rnr— I ■ w mgitnt strain and all volumes are magnified by 

that strain in the ratio of ^3, the third or determinant of 

to unity. 

Let <P=:al + biii + on 

r' = <P«r = al«r + biii«r + oii*r. 

The vectors 1', m', n' are changed by into a, b, 0. Hence 
the planes determined by m' and n', n' and 1', 1' and m' are 
transformed into the planes determined by b and c, and a, 
a and b. The dyadic which accomplishes this result is 

<p, = bxo mxn + oxa nxl + axb Ixm. 

Hence if 8 denote any plane area in space, the transformation 
due to replaces • by the area s' such that 

§' zsz0^. i. 
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It is important to notice that the yector • denoting a plane 
area is not transformed into the same vector •' as it would 
be if it denoted a line. This is evident from the fact that in 
the latter case acts on • whereas in the former case 0^ acts 
upon 8. 

To show that volumes are magnified in the ratio of 0^ to 
unity choose any three vectors d, e, f which determine the 
volume of a parallelopiped [d e f]. Express with the vec- 
tors which form the reciprocal system to d, e, f as consequents. 

<P=:ad' + bo' + cf. 

The dyadic changes d, a, f into a, b, o (which are different 
from the a, b, above unless d, e, f are equal to 1', m', n'). 
Hence the volume [d e f ] is changed into the volume [a b o]. 

<p8 = [»l>c][d'e'f'] 

[d'e'f']-i = [def]. 

Hence [a b o] = [d o f ] 0^. 

The ratio of the volume [a b oj to [d e f] is as (P, is to unity. 
But the vectors d, e, f were any three vectors which deter- 
mine a parallelopiped. Hence all volumes are changed by 
the action of ^ in the same ratio and this ratio is as (P^ is to 1. 

notations about a Fixed P&int. Veriors 

125.] T/ieorem : The necessary and sufficient condition that 
a dyadic represent a rotation about some axis is that it be 
reducible to the form 

<P = ri+j'j + k'k (1) 

where i\ j', k' and i, j, k are two right-handed rectangular 
systems of unit vectors. 

Let r = aji + yj + «k 

0.r=^xi' + yy + zV. 
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Hence if <P is reducible to the giyen form the yectors i, j, k 
are changed into the vectors i\i\ k' and any vector r is 
changed from its position relative to i, j, k into the same posi- 
tion relative to i^j',k^ Hence by the transformation no 
change of shape is effected. The strain reduces to a rotation 
which carries i, j, k into i', j', k'. Conversely suppose the 
body suffers no change of shape — that is, suppose it subjected 
to a rotation. The vectors i, j, k must be carried into another 
right-handed rectangular system of unit vectors. Let these 
be i'y j', k'. The dyadic may therefore be reduced to the 

form 

* = i'i+j'j+k'k. 

Definition : A dyadic which is reducible to the form 

i'i+j'j + k'k 

and which consequently represents a rotation is called a 
versor. 

Theorem: The conjugate and reciprocal of a versor are 
equal, and conversely if the conjugate and reciprocal of a 
dyadic are equal the dyadic reduces to a versor or a versor 
multiplied by the negative sign. 

Let * = i'i+j'j + k'k, 

<P(7 = ii'+JJ' + kk', 

<p.^^ = i'i' + j'y + k'k' = I 

Hence the first part of the theorem is proved. To prove the 
second part let 

(P = ai + b j + ok, 

<Pc7 = ia+Jb + ko, 
0. ^^=:aa+bb + oo. 
If <P-*=<?c. 0-0c=l^ 

Hence aa + bb + oo = L 
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Hence (Art. 108) the antecedents a, b, o and the consequents 
a, b, c must be reciprocal systems. Hence (page 87) they 
must be either a right-handed or a left-handed rectangular 
system of unit yectors. The left-handed system may be 
changed to a right-handed one by prefixing the negative 
sign to each vector. Then 

OP <P = -(ri+j'j + k'k). ^ ^ 

The third or determinant of a versor is evidently equal to 
unity ; that of the versor with a negative sign^ to minus one. 
Hence the criterion for a versor may be stated in the form 

<P.<Pc7 = I, *3=l*l = l. (2) 

Or inasmuch as the determinant of ^ is plus or minus one 
if 0. <Pc7=I, it is only necessary to state that if 

<P.<P^=I, *, = l(PI>0, (2y 

<f^ is a versor. 

There are two geometric interpretations of the transforma- 
tion due to a dyadic such that 

<P.*^=I <p3 = l*l=-l (8) 

<P = -(ri + j'j + k'k). 

The transformation due to <9 is one of rotation combined with 
reflection in the origin. The dyadic i'i+j'j + k'k causes a 
rotation about a definite axis — it is a versor. The negative 
sign then reverses the direction of every vector in space and 
replaces each figure by a figure symmetrical to it with respect 
to the origin. By reversing the directions of i' and j' the 
system i', j', k' still remains right-handed and rectangular, 
but the dyadic takes the form 

* = i'i+j'j~k'k, 
OP * = (i'i' + j' j' - k'k') . (i'i + j' j + k'k> 
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Hence the transformation due to ^ is a rotation due to 
^'i +j ' J + k'k followed by a reflection in the plane of i' and 
j'. For the dyadic i'i' + j'j'— k'k' causes such a transfor- 
mation of space that each point goes over into a point sym- 
metrically situated to it with respect to the plane of i' and j '. 
Each figure is therefore replaced by a symmetrical figure. 

Definition : A transformation that replaces each figure by 
a symmetrical figure is called a perversion and the dyadic 
which gives the transformation is called a perversor. 

The criterion for a perversor is that the conjugate of a 
dyadic shall be equal to its reciprocal and that the determi- 
nant of the dyadic shall be equal to minus one. 

^.^e = I» l*l=-l. (8) 

Or inasmuch as if ^ • ^^ = I> ^^^ determinant must be plus 
or minus one the criterion may take the form 

^.^^ = 1, I^KO, (8y 

^ is a perversor. 

It is evident from geometrical considerations that the prod- 
uct of two versors is a versor ; of two perversors, a versor ; 
but of a versor and a perversor taken in either order, a 
perversor. 

126.] If the axis of rotation be the i-axis and if the angle 
of rotation be the angle q measured positive in the positive 
trigonometric direction, then by the rotation the vectors 
i, j, k are changed into the vectors i'J'yk' such that 

j' = j cos y + k sin y, 
k' = -- j sin y + k cos y. 

The dyadic (P = i' i + j' j + k' k which accomplishes this rota- 
tion is 

82 
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* = ii + COS g (3j + kk) + sin g (k j - jk). (4) 

jj +kk = I-ii, 

kj-jk = IxL 

Hence * = ii + coeg(I-ii) + 8ingIxL (5) 

If more generallj in place of the i-axis any axis denoted 
by the unit yector a be taken as the axis of rotation and if as 
before the angle of rotation about that axis be denoted by ;, 
tiie dyadic which accomplishes the rotation is 

^ = aa + COS ; (I — aa) + sin ; I x a. (6) 

To show that this dyadic actually does accomplish the 

rotation apply it to a yector r. The dyad a a is an idemfactor 

for all yectors parallel to a; but an annihilator for yectors 

perpendicular to a. The dyadic I — aa is an idem&ctor 

for all yectors in the plane perpendicular to a; but an 

annihilator for all yectors parallel to a. The dyadic I x a 

is a quadrantal yersor (Art 113) for yectors perpendicular 

to a; but an annihilator for yectors parallel to a. If then 

r be parallel to a 

^•r = aa»r = r. 

Hence leayes unchanged all yectors (or components of 
yectors) which are parallel to a. If r is perpendicular to a 

</>»r = cosjr + sinjaxr. 

Hence the yector r has been rotated in its plane through the 
angle q. If r were any yector in space its component parallel 
to a suffers no change ; but its component perpendicular to a 
is rotated about a through an angle of q degrees. The whole 
yector is therefore rotated about a through that angle. 
Let a be giyen in terms of i, j, k as 

a = aii + a,j + ask, 
aa=ai*ii + a^a^ ij + a^a^ ik 



Hence 
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+ «,«! ji + V JJ + ajjaj Jk 
+ ajflj ki + ajtt, kj + a^ kk, 

I = ii+ji + kk, 
Ixa = 0ii-a3ij + aaik, 

+ a3Ji + 0jj-aJk. 

-ajki + a^kj + Okk. 

^ = {a ^a (1 - cos 2) + cos 5f} i i 
+ 1^1 ^a (1 — cos j) — ttg sin j}ij 
+ {^1^8 (1 — cos j) + ^2 sin ?| ik 
+ l«s«i (1 — cosj) + a8®in2} J^ 
+ W(l-coBy) + cosj}jj 
+ {^a ^8 (X — cos j) — a^ sin j} j k 
+ {^8^1 (1 — cos j) — a, sin q) ki 
+ {^8 ^a (1 — cos j) + aj sin j} kj 
+ W (1 + COS q) + cosj} kk. (7) 

127.] If (^ be written as in equation (4) the vector of 
and the scalar of may be found. 

tfx=ix i + cosyCJ xj + k X k) + siny(kxj-jxk) 

^x = - 2 sin y i 

tf^ = i • i + cos 2 • J + kk) + sin J (k . j - j . k), 

(P^ = 1 + 2 cos y- 

The axis of rotation i is seen to have the direction of — (P^, 
the negative of the vector of 0. This is true in general. 
The direction of the axis of rotation of any versor is the 
negative of the vector of 0. The proof of this statement 
depends on the invariant property of (P^* ^^J versor 
may be reduced to the form (4) by taking the direction of a 
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coincident with the direction of the axis of rotation* After 
this reduction has been made the direction of the axis is seen 
to be the negative of 0^^. But (Py is not altered by the 
reduction of ^ to any particular form — nor is the axis of 
rotation altered by such a reduction. Hence the direction of 
the axis of rotation is always coincident with — (P^, the direc- 
tion of the negative of the vector of 0. 

The tangent of one-half the angle of version q is 



g sing ^^/0^.0^^ 

2 1 + cosj 1 + ^^ ^^ 

The tangent of one-half the angle of version is therefore 
determined when the values of 0y^ and 0g are known. The 
vector 0y^ and the scalar 0g^ which are invariants of 0^ deter- 
mine completely the versor 0. Let Q be a vector drawn 
in the direction of the axis of rotation. Let the magnitude 
of Q be equal to the tangent of one-half the angle g of 
version. 

— 1 

a = 3-— f» a-a = tan4?. 

1 + ^5 2 

The vector Q determines the versor completely. Q will be 
called the vector 8emi4ange7U of version. 

By (6) a versor was expressed in terms of a unit vector 
parallel to the axis of rotation. 

* = aa + coej(I — aa) + sinjlxa. 

Hence if Q be the vector semi-tangent of version 

There is a more compact expression for a versor in terms 
of the vector semi-tangent of version. Let e be any vector in 
space. The version represented by Q carries 

e — ft X e into e + x s. 
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It will be suffioient to show this in oase o is peipendioular to 
Q. For if (or any component of it) were parallel to (X the 
result of multiplying by Q x would be zero and the statement 
would be that e is carried into c. In the first place the mag- 
nitudes of the two vectors are equal. For 

(c — (Ixc)-(c — ftxo) = c*c+ftxo*ftxc — 2c.axc 
(c + ftxc)*(c + ftxc)=:c.c + ftxc*ftxc + 2c.ftxc 

0*0 + Q X e«(l X e = o*e + Q*Q e*c — (l«o (l«c. 
Since Q and o are by hypothesis perpendicular 

c-c + axc.axc = c«(l + tan« i q). 

The term e • Q x e vanishes. Hence the equality. In the 
second place the angle between the two vectors is equal to q. 

(c — ftxc)>(c + ftxc)o«c — ftxc>ftxo 
ca(l + tan«l2) "" c«(l + tan»lj) 

c»(l-tanalj) 

— = cosj 

c»(l + tan»ij) 

(e — axc)x (c + ftxc) _ 2cx(ttxc) _ 
c« (1 + tana 1 j) ^2 (i + tan« 1 g) " 

2 c* tan 1 J 

= sin 2. 



c«(l + tan»lj) 

Hence the cosine and sine of the angle between e— Qxe 
and e + Q X e are equal respectively to the cosine and sine of 
the angle q : and consequently the angle between the vectors 
must equal the angle q. Now 
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— (lxc=(I — Ix(l)«o 
and (c+ftxc) = (I + Ixft)*c 

(i + ixa)*(i-ix a)-^* (i-ixa) = i + ixa. 

Mnltiplj by e 

(i + ixa)-(i-ix Q)-i .(c-axc) = c + axc 

Hence the dyadic 

* = (i + ixa).(i-ixa)-^ aoy 

carries the yector e— Qxe into the vectore + Qxe no matter 
what the yaloe of c Hence the dyadic determines the 
yersion dne to the vector semi-tangent of version ft. 

The dyadic I + Ixft carries tiie vector e— ftxe into 
(I-hft.a)e. 

(I + Ixft)*(o — ftxc)=o + ft xo — ftx c — ftx(ftxc) 

(i + ixft).(o-a + c) = o + ft*fto = (i + a-a)c 

Hence the dyadic 

i + ixg 
i + a-ft 

carries the vector e — Q x e into the vector e, if s be perpen- 
dicular to ft as has been supposed. Consequently the dyadic 

^ (I + I X ft)« 

i + a-a 

produces a rotation of all vectors in the plane perpendicular 
to ft. If, however, it be applied to a vector x ft parallel to ft 
the result is not equal to a; ft. 

(I + Ixft)>(I + Ixft)^^^^^ a + Ixft) icft 



l + ft«ft l + ft«ft l + ft«ft 
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To obviate this difSculty the dyad Q Q, which is an annihilator 
for all vectors perpendicular to Q, may be added to the nu- 
merator. The versor may then be written 



III 



(11) 



l + O'O 

(I + IxO).(I + IxO) = I + 2IxO+(Ixa)'(Ixft) 

(I X a) . (I X a) = (I X a) X a = i.ao - o«ai. 

Hence sulntituting : 

(i-tt>a)i + 2aa-f2ixa 

i + a.a ^ ^ 

This may be expanded in nonion form. Let 

'(l + a«-ia-c«)ii + (2a6-2c)ij + (2ac + 26)ik 
- +(2a6 + 2(;)ji + (l-.a2 + &a-c2)ij + (26c-2a)jk 
i +(2ac-25)ki+(2&c + 2a)kj + (l~a»-y+c«)kk j 
- 1 + aa + ja + ca 

128. ] If a is a unit vector a dyadic of the form 

^ = 2aa-I (12) 

is a Uquadrantal versor. That is, the dyadic turns the 
points of space about the axis a through two right angles. 
This may be seen by setting q eqtial to tt in the general 
expression for a versor 

(^ = aa + cos y (I — aa) + sin y I x a, 

or it may be seen directly from geometrical considerations. 
The dyadic leaves a vector parallel to a unchanged but re- 
verses every vector perpendicular to a in direction. 

Theorem: The product of two biquadrantal versors is a 
versor the axis of which is perpendicular to the axes of the 



} 



844 VECTOR ANALYSIS 

biquadrantal versors and the angle of which is twice the 

angle from the axis of the second to the axis of the first 

Let a and b be the axes of two biquadrantal versors. The 

product 

fi=(2bb-I).(2aa-I) 

is certainly a versor; for the product of any two versors 
is a versor. Consider the common perpendicular to a and b. 
The biquadrantal versor 2 a a — I reverses this perpendicular 
in direction. (2bb— I) ag^n reverses it in direction and con- 
sequently brings it back to its original position. Hence the 
product O leaves the common perpendicular to a and b un- 
changed. S is therefore a rotation about this line as axis. 

fi.a = (2bb-I).(2aa-I).a = (2bb-I).a=2bb-a-a. 

The cosine of the angle from a to il? • a is 

a.fi.a=:2b.ab.a-a.a=2(b-a)*-l = cos2(b,a). 

Hence the angle of the versor Q is equal to twice the angle 
from a to b. 

Theorem : Conversely any given versor may be expressed 
as the product of two biquadrantal versors, of which the axes 
lie in the plane perpendicular to the axis of the given versor 
and include between them an angle equal to one half the 
angle of the given versor. 

For let Q be the given versor. Let a and b be unit vectors 
perpendicular to the axis — ^^ of this versor. Furthermore 
let the angle from a to b be equal to one half the angle of 
this versor. Then by the foregoing theorem 

fi = (2bb - 1) . (2 aa - I). (14) 

The resolution of versors into the product of two biquad- 
rantal versors affords an immediate and simple method for 
compounding two finite rotations about a fixed point Let 
and ¥ be two given versors. Let b be a unit vector per- 
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pendioolar to the axes of and ¥. Let a be a unit vector 
perpendicular to the axis of and such that the angle from 
a to b is eqtial to one half the angle of 0. Let o be a unit 
vector perpendicular to the axis of ¥ and such that the angle 
from b to e is eqtial to one half the angle of V. Then 

*=(2bb-I).(2aa-I) 

?r=(2cc-r).(2bb-I) 

r . (^ = (2 c - I) . (2 b b - I) a . (2 a a - 1). 

But (2 bb — I)* is equal to the idemf actor, as may be seen from 
the fact that it represents a rotation through four right angles 
or from the expansion 

(2bb-I).(2bb-I) = 4b.b bb-4bb + I = L 
Hence y . * = (2 c c - I) • (2 a a - 1). 

The product of ¥ into ^ is a versor the axis of which is 
perpendicular to a and c and the angle of which is equal to 
one half the angle from a to o. 

If and ¥ are two versors of which the vector semi- 
tangents of version are respectively 0^ and Q,, the vector 
semi-tangent of version Q, of the product ¥• is 

a3= ^^t W^' - (16) 

Let * = (2 bb - 1) . (2 aa - I) 

and r=(2cc-I) • (2bb-I). 

r . (^ = (2 CO - I) . (2 aa - 1). 

a^Ii^ ft -IlZ^ ft --('^•<^)x 



^ = 4s.b bs -2aa -21>1> + I, 
^x = 4a<b bxa, 
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(p, = 4(a.b)a-l, 
r = 4c.b cb -2bb -2cc +1, 
r^ = 4 c . b c X b, 
r^ = 4(c.b)«-l 
7«^ = 4e*a ea — 2cc — 2aa +1, 
(y . (p)^ = 4 0* a c X a, 
(y. (P)^ = 4(c.a)«-1. 

Hence ai= — r, fts=T — . ^8= 

* a»b'^ b«c ' a«e 

^^ ^ (bxc)x(axb) ^ [abc]b 
^ ^ a«bb*e a«b b«c* 

But [abc]r = bxca«r + cxab«r + axbc.r, 

Hence [abe]b = bxo a«b + oxab*b + axbe«b. 

^ bxoaxb axe 



b*o s«b a>bb«o 



Hence 0, x ttj = — Qi — Q, + 

ft8 = 



a* bb«c 
g^ x tta + tta X g^ 



a • e 



a«b b*c 



_(axb)«(bxc)_a.bb.c a*ob«b 
^ • "" a«bb«e ""a»bb»c a*b b«c 



; 



Hence ft, = «l4«b±%t«i. 

1 - a, . a. 
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This formula gives the composition of two finite rotations. 
If the rotations be infinitesimal Q^ and Qj <^^ ^^ infinitesi- 
mal. Neglecting infinitesimals of the second order the for- 
mula reduces to 

The infinitesimal rotations combine according to the law of 
vector addition. This demonstrates the parallelogram law for 
angular velocities. The subject was treated from different 
standpoints in Arts. 51 and 60. 

Cyelies, Bight Tensors, Tonics, and Cyelotonies 

129.] If the dyadic ^ be a versor it may be written in the 
form (4) 

(P = ii + cos y Oj + kk) + sin y (kj - jk). 

The axis of rotation is i and the angle of rotation about that 
axis is q. Let ¥ be another versor with the same axis and 
an angle of rotation equal to q'. 

r = ii + cos 2' a J + kk) + sin y' (kj - j k). 

Multiplying : 

*. r=y. tf=ii + cos(sr + ^) (jj + kk) 

+ sin(j+y')(kj-jk). a6) 

This is the result which was to be expected — the product of 
two versors of which the axes are coincident is a versor with 
the same axis and with an angle equal to the sum of the 
angles of the two given versors. 

If a versor be multiplied by itself, geometric and analytic 
considerations alike make it evident that 

(P« = ii + cos 2y a J + kk) + sin 2 g (kj - j k), 
and ^-rrii + iJosnjCJJ + kk) + sinng(kj-jk). 
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On the other hand let 0i equal jj + kk; and <P^ equal 
kj-jk. Then 

0* = (ii + COB J (Pj + sin 2 (P^)*. 

The product of ii into either 0^ or 0^ ^ ^^^ <^^ ^^ itself is 

ii. Hence 

(p» = ii + (cos J (Pj + sin y 0^y 

(P*=ii + cos* 2 (Pi* 4- n cos*~^y sin y (P^*"^ • (Pg + • • • 

The dyadic 0^ raised to any power reproduces itself. <Pj* = <Pj, 
The dyadic ^^ raised to the second power gives the negatdve 
of 01 ; raised to the third power, the negative of 0^ ; raised 
to the fourth power, 0^ ; raised to the fifth power, 0^ and so 
on (Art. 114). The dyadic 0^ multiplied by 0^ is equal to 
0^. Hence 

(P* = i i + cos* q 0^ + n cos*~^ y sin q 0^ 

- -^^gj-^ cos*-« J smj (Pj + • • • 
But 0* = ii + cos nq 0^ + sin nq0^ 

Equating coefficients of 0^ and 0^ in these two expressions 

for (P* 

w Cw — 1) . a 
cos 71 y = cos* q ^^^-j cos*"' q sin^ g + • • • 

, , n(n-l)(n-2) . , . « 
smnq^noos^^qsmq ^^ cos*"'2Sin'2 + . • 

Thus the ordinary expansions for cosnj and sinnj are 
obtained in a manner very similar to the manner in which 
they are generally obtained. 

The expression for a versor may be generalized as follows. 
Let a, b, be any three non-coplanar vectors ; and a', V, e', the 
reciprocal system. Consider the dyadic 

* = aa' + cosj(bb' + ccO + 8ing(cb'-bc'). (17) 
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This dyadic leaves vectors parallel to a unchanged. Vectors 
in the plane of b and e suffer a change similar to rotation. 

Let 

r = cos jp b + sin jp c, 

r' = (p • r = cos (p + 2) b + sin (p + g) e. 

This transformation may be given a ^efinite geometrical 

interpretation as follows. The vector r, when p is regarded 

as a variable scalar parameter, describes an ellipse of which 

b and c are two conjugate semi-diameters (page 117). Let 

this ellipse be regarded as the parallel projection of the 

unit circle 

r = cosjp i + sin jj. 

That is, the ellipse and the circle are cut from the same 
cylinder. The two semi-diameters i and j of the circle pro- 
ject into the conjugate semi-diameters a and b of the ellipse. 
The radius vector r in the ellipse projects into the radius vector 
f in the unit circle. The radius vector r' in the ellipse which 
is equal to (^« r, projects into a radius vector r' in the circle 

such that 

f ' = cos (p 4- ?) i + sin (p + j) j. 

Thus the vector r in the ellipse is so changed by the applica- 
tion of ^ as a prefactor that its projection f in the unit circle 
is rotated through an angle q. 

This statement may be given a neater form by making use 
of the fact that in parallel projection areas are changed in a 
definite constant ratio. The vector f in the unit circle may 
be regarded as describing a sector of which the area is to the 
area of the whole circle as j is to 2 w. The radius vector r 
then describes a sector of the ellipse. The area of this sector 
is to the area of the whole ellipse as g is to 2 tt. Hence t?ie 
dyadic applied as a prefactor to a radius vector r in an ellipse 
of which, b and e are two conjugate semi-diameters advances 
that vector through a sector the area of which is to the area of 
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ike wkoU eHijme as q is to 2v.^ Such a dTfl|Jb»HHMBii of Hie 
radios Teckxr r m^ be called an dliftie rauakm Huoo^ m 
sector q from its mrnilaritj to an onlinaij rotation of vliiA 
it is ^be projection. 

JM^hUUtm : A djradie ^ of iiie form 

#s:aa' + coe2(bV + ee'> + flinf (€«'-«€"> (17) 

is called a cj^ic dyadic The veisor is a special case of m 
cyclic dyadic. 

It is evident from geometric or analytic consideatians tibat 
the powers of a cyclic dyadic are formed, as the powers of sl 
Tcrsor were formed, by miilti{dying tiie scalar q by ^be power 
to which the dyadic is to be raised. 

^ = aa' + cos «g (b V + oc') + an «j (c V - *€')• 

If the scalar qis^n integral sub-multiple of 2 w, liiat is, if 

2w 

— = fa* 
9 

it is possible to raise the dyadic to such an intq;ial powei; 
namely, the power m, that it becomes the idemfsctor 

*- = ! 

^ may then be regarded as the mth root of the idemfactor. 
In like manner if q and 2 ir are commensurable it is possible 
to raise to such a power that it becomes eqoal to the idem- 
factor and even if q and 2ir are incommensurable a power of 
may be found which differs by as little as one pleases from 
the idemfactor. Hence any cyclic djradic may be r^;arded as 
a root of the idemfactor. 

^ Ik It erident tluit fixing the result of the apfilicetioii of 4 to mil radii Tedort 
in an ellipse praccicallj IbLm it for all Tecton in the plane of b and c. For an j 
rector in that plane majr be regarded ae a scalar multiple of a radios Tector of 
theellipee. 



o 
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130.] Definition: The transformation represented by the 
•^y*^" tf = aii + JJi+«kk (18) 

where a, &, e are positive sealars is called a pure strain. The 
dyadic itself is called a right tensor. 

A right tensor may be factored into three factors 

(P = (aii + jj + kk).(ii + JiJ + kk).(ii + jj + ckk). 

The order in which these factors occur is immateriaL The 

transformation 

r' = (ii+jj + ckk).r 

is such that the i and j components of a vector remain un- 
altered but the k-component is altered in the ratio of c to 1. 
The transformation may therefore be described as a stretch or 
elongation along the direction k. If the constant c is greater 
than unity the elongation is a true elongation : but if c is less 
than unity the elongation is really a compression, for the ratio 
of elongation is less than unity. Between these two cases 
comes the case in which the constant is unity. The lengths 
of the k-components are then not altered. 

The transformation due to the dyadic iP may be regarded 
as the successive or simultaneous elongation of the com- 
ponents of r parallel to i, j, and k respectively in the ratios 
a to 1, 5 to 1, 6 to 1. If one or more of the constants a^l^e 
is less than unity the elongation in that or those directions 
becomes a compression. If one or more of the constants is 
unity, components parallel to that direction are not altered. 
The directions i, j, k are called the principal axes of the strain. 
Their directions are not altered by the strain whereas, if the 
constants a, &, c be different, every other direction is altered. 
The sealars a, &, c are known as the principal ratios of 
elongation. 

In Art 116 it was seen that any complete dyadic was 
reducible to the normal form 

^=±(ai'i + &j'j + ck'k) 
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where a, by e are positive constants. This expression may be 
factored into the product of two dyadics. 

* = ± (a i'i' + byy + c k'k') . (i'i + j'j + k'k), (19) 
or <P=±(i'i+j'j + k'k).(aiH-6jj + ckk). 
The factor i'i+j'j + k'k 

which is the same in either method of factoring is a versor. 
It turns the vectors i, j, k into the vectors i ', j ', k'. This 
versor may be represented by its vector semi-tang^ent of 
Version as 

ii + j J + kk-i^..i, + ...,^j^.k,. 

The other factor 

ai'i' + 6j'i' + ck'k', 

or aii + 6jj + ckk 

is a right tensor and represents a pure strain. In the first 
case the strain has the lines i^ j\ k' for principal axes: in 
the second, i, j, k. In both cases the ratios of elongation are 
the same, — atol,&tol, ctol. If the negative sign occors 
before the product the version and pure strain must have 
associated with them a reversal of directions of all vectors in 
space — that is, a perversion. Hence 

Theorem: Any dyadic is reducible to the product of a 
versor and a right tensor taken in either order and a positive 
or negative sign. Hence the most general trsinsformation 
fepresentable by a dyadic consists of the product of a rota- 
tion or version about a definite axis through a definite angle 
accompanied by a pure strain either with or without perver- 
sion. The rotation and strain may be performed in either 
order. In the two cases the rotation and the ratios of elonga- 
tion of the strain are the same ; but the principal axes of the 
strain differ according as it is performed before or after the 
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rotation, either system of axes being derivable from the other 
by the application of the versor as a prefactor or postf actor 
respectively. 

If a dyadic be given the product of and its conjugate 
is a right tensor the ratios of elongation of which are the 
squares of the ratios of elongation of and the axes of which 
are respectively the antecedents or consequents of accord- 
ing as 0c follows or precedes in the product. 

*=± (ai'i + Jj'j + ck'k), 

0. ^^=aM'i' + 6«j'j' + c«k'k\ (20) 

^^.^ = aMi + 6«jj + c«kk. 

The general problem of finding the principal ratios of elonga- 
tion, the antecedents, and consequents of a dyadic in its 
normal form, therefore reduces to the simpler problem of find- 
ing the principal ratios of elongation and the principal axes 
of a pure strain. 
131.] The natural and immediate generalization of the 

right tensor 

aii + 6jj + ckk, 

is the dyadic <P = aaa' + Jbb' + coo' (21) 

where a, &, c are positive or negative scalars and where a, b, o 
and a', b^ o' are two reciprocal sjrstems of vectors. Neces- 
sarily a, b, and a', b', o' are each three non-coplanar. 
Definition : A dyadic that may be reduced to the form 

(p = aaa' + 6bV + coo' (21) 

is called a tonic. 

The effect of a tonic is to leave unchanged three non- 
coplanar directions a, b, c in space. If a vector be resolved 
into its components parallel to a, b, o respectively these 



) 
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components are stretched in the ratios a to 1, & to 1, c to 1. 
If one or more of the constants a, &, c are negative the com- 
ponents parallel to the corresponding vector a, b, c are re- 
versed in direction as well as changed in magnitude. The 
tonic may be factored into three factors of which each 
stretches the components parallel to one of the vectors a, b, o 
but leaves unchanged the components parallel to the other 
two. 

<P = (aaa' + bV + ooO-(aa' + 6bV + ccO(aa' + bV+tfooO. 

The value of a tonic is not altered if in place of a, b, o 
any three vectors respectively coUinear with them be sub- 
stituted, provided of course that the corresponding changes 
which are necessary be made in the reciprocal system a', V, c ^ 
But with the exception of this change, a dyadic which is 
expressible in the form of a tonic is so expressible in only 
one way if the constants a, &, e are different. If two of the 
constants say b and e are equal, any two vectors coplanar 
with the corresponding vectors b and o may be substituted 
in place of b and c. If all the constants are equal the tonic 
reduces to a constant multiple of the idemfactor. Any three 
non-coplanar vectors may be taken for a, b, c. 

The product of two tonics of which the axes a, b, o are the 
same is commutative and is a tonic with these axes and 
with scalar coefficients equal respectively to the products of 
the corresponding coefficients of the two dyadics. 

= a^9LB! + b^hV + Cjoo' 
y = a,aa' + 6jbV+CjCc' 
0. y= ¥ • = a^a^9Ln! + b^b^hV + e^c^ecf. (22) 

The generalization of the cyclic dyadic 

aa' + cosy (bV + ccO + sin y (cV — bo^) 
is ^ = a aa' + i (b V + oo') + c (o V - beO, 
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where a, b, o are three non-coplanar vectors of which a^ b', e' 
is the reciprocal system and where the quantities a, h^ c, are 
positive or negative scalars. This dyadic may be changed 
into a more convenient form by determining the positive 
scalar p and the positive or negative scalar q (which may 
always be chosen between the limits ± m) so that 

6=jp cos q 
and c=jpsinj. (24) 

That is, 1^ = + VP"+c* 



1 ^_ p-i 

p + h* 
Then 



and tanij=^-^. (24)' 



<p = aaa'+2>coe 2(bV + co') +l>8in J (oV — be'). (25) 

This may be factored into the product of three dyadics 

<p= (aaa' + bV + oc') • (aa' +|?bb' + j?ooO» 
{a a' + COB J (b V + c oO + sin y (oV - bcO}. 

The order of these factors is immaterial. The first is a tonic 
which leaves unchanged vectors parallel to b and o but 
stretches those parallel to a in the ratio of a to 1. If a is 
negative the stretching must be accompanied by reversal 
in direction. The second factor is also a tonic It leaves 
unchanged vectoi-s parallel to a but stretches all vectors in 
the plane of b and e in the ratio jp to 1. The third is a 
cyclic factor. Vectors parallel to a remain unchanged; but 
radii vectors in the ellipse of which b and o are conjugate 
semi-diameters are rotated through a vector such that the 
area of the vector is to the area of the whole ellipse as ; to 
2 TT. Other vectors in the plane of b and o may be regarded 
as scalar multiples of the radii vectors of the ellipse. 



1 
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Definiiion: A dyadic whicli is reducible to the form 
^ = aaa'+j?co8 2(bV + ooO+l?8in J (oV-bc'), (25) 

owing to the fact that it combines the properties of the 
cyclic dyadic and the tonic is called a eydoionio. 

The product of two cyclotonics which have the same tihree 
vectors, a, b, o as antecedents and the reciprocal system 
a', b\ o' for consequents is a third cydotonic and is com- 
mutatiYa. 

z:s a^%%' + p^QQB q^ (bV + oc^ +1^1 811^21 (cV — be') 
y=a,aa'+p, C08y2(bV + co') +^2sin j, (oV— bcO 
0. W^W* =^ a^a^KzI + p^p^QQ% (2i + q^ (bV + oc') 
+ pi ft sin (ji + q^ (oV - bcO- (26) 

Bedueiion of Dyadies to Canonical Forms 

132.] Theorem : In general any dyadic tokj be reduced 
either to a tonic or to a cyclotonic. The dyadics for which 
the reduction is impossible may be regarded as limiting cases 
which may be represented to any desired degree of approxi- 
mation by tonics or cyclotonics. 

From this theorem the importance of the tonic and cyolo- 
tonic which have been treated as natural generalizations of 
the right tensor and the cyclic dyadic may be seen. The 
proof of the theorem, including a discussion of all the 
special cases that may arise, is long and somewhat tedious. 
The method of proving the theorem in general however is 
patent. If three directions a, b, o may be found which are 
left unchanged by the application of then must be a 
tonic If only one such direction can be found, there exists 
a plane in which the vectors suffer a change such as that due 
to the cyclotonic and the dyadic indeed proves to be such* 
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The question is to find the directions which are unchanged 
by the application of the dyadic 0. 
If the direction a is unchanged, then 

<P-a=aa (27) 

or (<P — al).a = 0. 

The dyadic <P — a I is therefore planar since it reduces vectors 
in the direction a to zero. In special cases, which are set 
aside for the present, the dyadic may be linear or zero. In 
any case if the dyadic 

*-aI 

reduces vectors coUinear with a to zero it possessed at least 
one degree of nullity and the third or determinant of 
vanishes. 

(<P- a 1)3 = 0. (28) 

Now (page 881) (0 -^ 9')^= 0^-^ 0^i ¥ + 0i ¥^+ ¥^. 

Hence (0 - al)^=^ 0^-^ a 0^:1 + a^ il^-- a^I^ 

I, ss I and Ig = 1. 

But 0:1= 0jg 

Hence the equation becomes 

a^--a^0jg + a 0^^ -^g = 0. (29) 

The value of a which satisfies the condition that 

<9«a = aa 

is a solution of a cubic equation. Let x replace a. The 
cubic equation becomes 



B8-a:a 



a«<P^ + a;(P,^-<p3 = 0- (29) 
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Any value of x which satdsfies this equation will be such 

that 

((P- 2:1)3 = 0. (28y 

That is to say, the dyadic <P -- xl ia planar. A vector per- 
pendicular to its consequents is reduced to zero. Hence <P 
leaves such a direction unchanged. The further discussion 
of the reduction of a dyadic to the form of a tonic or a cyclo- 
tonic depends merely upon whether the cubic equation in x 
has one or three real roote. 

133. J Theorem : If the cubic equation 

x^-'X^0s + x 0^s - *8 = (29)' 

has three real roots the dyadic may in general be reduced 
to a tonic. 

For let a; = a, a; = 6, a; = c 

be the three roots of the equation. The dyadics 

0^al, ^-61, *-cI 

are in general planar. Let a, b, o be respectively three 
vectors drawn perpendicular to the planes of the consequents 
of these dyadics. 

(*-aI).a = 0, 

(*-6I).b = 0, (80) 

(*-cI).o = 0- 

Then (P^ar^aa, 

. *.b = Jb, (80y 

<p • = C 0. 

If the roots a, 6, c are distinct the vectors a, b, o are non- 
coplanar. For suppose 

= ma + nb 

(<P — cl)-(ma + nb) = 0, 
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But <P«a = aa, (^•b = 6b. 

Hence m (a — c) a + n (6 — c)b = 0, 

and m (a — o) = 0, n (b — o) =« 0, 

Hence m = or a = c, n = or J = c. 

Consequently if the vectors a, b, o are coplanar, the roots are 
not distinct; and therefore if the roots are distinct, the 
vectors a, b, e are necessarily non-coplanar. In case the roots 
are not distinct it is still always possible to choose three 
non-coplanar vectors a, b, c in such a manner that the equa- 
tions (30) hold. This being so, there exists a system a', b', o' 
reciprocal to a, b, o and the dyadic which carries a, b, o into 
aa, bhj CO is the tonic 

(p=:aaa' + 6bV + coc. 

Theorem : If the cubic equation 

«« - a;2 ^j + a5 0^^ - *8 = (29)' 

has one real root the dyadic may in general be reduced to 
a cyclotonic. 

The cubic equation has one real root. This must be posi- 
tive or negative according as (^3 is positive or negative. Let 
the root be a. Determine a perpendicular to the plane of 
the consequents of <P — a I. 

(*-aI).a = 0, 

Determine a' also so that 

a'.(<P-aI) = 

and let the lengths of a and a' be so adjusted that a' • a=:l. 
This cannot be accomplished in the special case in which a 
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and a' are mutually perpendicular. Let b be any vector in 
the plane perpendicular to a^ 

a' . (^ - a I) . b = 0. 

Hence (<P— al)«b is perpendicular to a'. Hence ^-b is 
perpendicular to a'. In a similar manner <P^« b, 0^»\^ and 
<p-i • b, <P~* • b, etc., will all be perpendicular to a' and lie in 
one plane. The vectors (P^b and b cannot be parallel or 
would have the direction b as well as a unchanged and 
thus the cubic would have more than one real root. 

The dyadic changes a, (P^b, b into 0*di, 0^*\^ <iP«b re- 
spectively. The volume of the parallelopiped 

[*.a *«.b *.b] = *8[» *•* *]• (81) 
But <P • a = a a. 

Hence aa.(*«.b) x (*.b) = ^ja. (<P.b) x b. (3iy 

The vectors <P^ • b, <9 • b, b all lie in the same plane. Their 
vector products are parallel to a' and to each other. Hence 

a(**.b) X (<P.b) = *8 ^-fcxb. (Siy 

Inasmuch as a and 0^ have the same sign, let 

f^a-^0^. (82) 

Let also b3=jp-^<P-b b,=2?-«^-b, etc. (88) 

and b«j=j?* <P-^-b b^ =|?^ <P"*-b, etc. 

bj X bi = bi X by 
or (bj + b) X bi = 0. 

The vectors b, + b and b^ are parallel. Let 

b, + b = 2 n b^. (84) 

Then b3 + bi = 2nb, b^ + b, =:2nbg etc., 

(85) 
bj + b.j = 2 n b b.i + b^ = 2 n b_j etc. 
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Lay off from a oommon origin the vectors 

Is bj, bj, etc,, b_i, b.-j, eta 

Since is not a tonic, that is, since there is no direction in 
the plane perpendicular to a' which is left unchanged by 
these vectors b^ pass round and round the origin as m takes 
on all positive and negative values. The value of n must 
therefore lie between plus one and minus one. Let 

n = cos 9. (86) 

Then b-j + bj = 2 cos j b. 

Determine from the equation 

b^ = cos ; b + sin j^ 0. 
Then b«i = cos j b — sin 2 0. 

Let a', V, e' be the reciprocal system of a, b, o. This is pos« 
sible since a' was so determined that a' • a = 1 and since 
a, b, are non-coplanar. Let 

jr = cosj(bV + ocO + siny(cb'-bcO. 
Then ¥*% = 0, y.b = bp y.b.i = b. 
Hence (aaa'+^y)*a = a a=<P«a, 

(a aa' + jp ?) • * = JP *2 = <^ • ^ 
(a aa' + 2? JT) • b_j = jp b = <P • b.j. 

The dyadic ams! + p ¥ changes the vectors a, b and b_j into 
the vectors <P • a, <P • b, and • b_^ respectively. Hence 

<p = (aaa' + p ¥) = a%M! + p ooBq (bV + 0^) 

+ psinq (oV — bcO- 

The dyadic in case the cubic equation has only one real 
root is reducible except in special cases to a cyclotonic. 
The theorem that a dyadic in general is reducible to a tonic 
or cyclotonic has therefore been demonstrated. 



1 
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134.] There remain two cases ^ in which the redaction 
is impossible, as can be seen by looking over the proof. In 
the first place if the constant n used in the reduction to cyclo- 
tonic form be ± 1 the reduction falls through. In the second 
place if the plane of the antecedents of 

*-aI 

and the plane of the consequents are perpendicular the 
vectors a and a' used in the reduction to cyclotonic form are 
perpendicular and it is impossible to determine a' such that 
a • a' shall be unity. The reduction falls through. 

If n=:±l, b.i + bi=±2b. 

Let b.i + bi = 2b. 

Choose o = bi — b = b — b«j. 

Consider the dyadic Jr= a aa' + p (bV + oo') +jp o V 

JF«a = aa=<P«a, 

r«b=iib + 2?bi= (P.b, 

9'«o=jpo=jpb^— |7b=<P«o. 

Hence = a%%' + p (hh' + co'^ + p e\. (87) 

The transformation due to this dyadic may be seen best by 
factoring it into three factors which are independent of the 
order or arrangement 

^ = (a ai/ + b V + oo') • {aa^ + i> (b V + coO} 

• (aa' + bV + oc' + oV). 

^ Li these c»ee it wfll be seeo that the cubic eqiution has three real roots. 
In one case two of them are equal and in the other case three of them. Thns 
theae dyadics maj be regarded as limiting cases Ijring between the cyclotonic in 
which two of the roots are imaginarj and the tonic in which all the roots are real 
and distinct The limit maj be regarded aa taking place either bj the pure 
Imaginary part of the two imaginary roots of the cyclotonic becoming lero or bj 
two of the Tooli of the tonic i^roaching each other. 
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The first &otor represents an elongation in the direction a in a 
ratio a to 1. The plane of b and o is undisturbed. The 
second factor represents a stretching of the plane of b and c in 
the ratio ji to 1. The last factor takes the form 

I + oV. 

(I + oV) • x^ = aja, 

(I + cV) • a;b = ajb + ajo, 

(I + cV) • a;o = ajo. 

A dyadic of the form I + ob' leaves vectors parallel to a and o 
unaltered. A vector a;b parallel to b is increased by the vec- 
tor e multiplied by the ratio of the vector a;b to b. In other 
words the transformation of points in space is such that the 
plane of a and o remains fixed point for point but the points 
in planes parallel to that plane are shifted in the direction o 
by an amount proportional to the distance of the plane in 
which they lie from the plane of a and c. 
Definition : A dyadic reducible to the form 

I + oV 

is called a shearing dyadic or shearer and the geometrical 
transformation which it causes is called a shear. The more 
general dyadic 

^ = a aa' + 2) (bV + cc') + V (87) 

will also be called a shearing dyadic or shewrer. The trans- 
formation to which it gives rise is a shear combined with 
elongations in the direction of a and is in the plane of b and o. 
If n = — 1 instead of n = +1» the result is much the same. 
The dyadic then becomes 

(p = a aa' -I? (bV + ooO - c V (87)' 

<P = (a aa' + bV + co') • {a a' -jp (b V + ccO} • (I + cb'). 



) 
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The factois are the same except the second which now repre- 
sents a stretching of the plane of b and c combined with a 
reversal of all the vectors in that plane. The sheaiing dyadic 
then represents an elongation in the direction a, an elongsr 
tion combined with a reversal of direction in the plane of 
b and c, and a shear. 

Suppose that the plane of the antecedents and the plane of 
the consequents of the dyadic 0—aI are perpendicular. Let 
these planes be taken respectively as the plane of j and k and 
the plane of i and j k. The dyadic then takes the form 

<P - a I = ^ j i + -B j j + (7 k k + i> k j • 

The coefficient B must vanish. For otherwise the dyadic 

^ - a I - 5 1 = (- 5 i + ^ j + (7 k) i + k (i> i - 5 k) 

is planar and the scalar a + B ia a root of the cubic equation* 
With this root the reduction to the form of a tonic may be 
carried on as before. Nothing new arises. But if B vanishes 
a new case occurs. Let 

y=*-aI=:^ji + Ckk + 2>kj. 

This may be reduced as follows to the form 

aV + bo' 

where a«b' = a«o' = b«o' = and b • V = 1. 

Squared y« = ^ 2? ki = ac'. 

Hence a must be chosen parallel to k; and o', parallel to L 
The dyadic ¥ may then be transformed into 

Then =: ^ 2) k, V = — 7—— 

AD 

b = ^j 0^ = 1. 
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With this choice of a, b, V, </ the dyadic W reduces to the 
desired form a V+ bo' and hence the dyadic is reduced to 

* = al + ab' + bc' (88) 

or <p = aaa'+ abb' + acc' + ab' + bo'. 

This may be factored into the product of two dyadics the 
order of which is immaterial. 

* = al.(l + ab' + bc'). 

The first factor al represents a stretching of space in all 
directions in the ratio a to 1. The second factor 

i2 = I + ab' + bc' 

represents what may be called a complex shear. For 

r'=I.r+ab'-r+bo'.r= r + ab'-r + bc'-r. 

If r is parallel to a it is left unaltered by the dyadic Q. If 
r is parallel to b it is changed by the addition of a term 
which is in direction equal to a and in magnitude propor- 
tional to the magnitude of the vector r. In like manner 
if r is parallel to e it is changed by the addition of a term 
which in direction is equal to b and which in magnitude is 
proportional to the magnitude of the vector r. 

ifi«ab = (I + ab' + bc')««b= rcb + a:a 
j2«a;c = (I + ab' + be')*a;c= rcc + a:b. 

Definition : A dyadic which may be reduced to the form 

<P = aI + aV + bo' (88) 

is called a complex shearer. 

The complex shearer as well as the simple shearer men- 
tioned before are limiting cases of the cyclotonic and tonic 
dyadics. 



? 
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13S.] A more systematic treatment of the yarioos Idn^ 
of dyadics idiich may arise may be given by means of the 
HamilUm-Cayley equation 

0^-0g **+*,^ *-*,I = (89) 

and the cnbic equation in x 

«»-*^«*+ *^«-*, = 0. (29y 

If o^ ft, e are the roots of this cubic the Hamilton-Cayley 
equation may be written as 

(*-aI).(*-6I).(*-cr) = 0. (40) 

If, however, the cubic has only one root the Hamilton-Cayley 
equation takes the form 

(* - al) . (^* - 2p cos J * + 1?*I) = 0. (41) 

In general the Hamilton-Cayley equation which is an equa- 
tion of the third degree in ^ is the equation of lowest degree 
which \b satisfied by ^. In general therefore one of the above 
equaticms and the corresponding reductions to the tonic or 
cyclotonic form hold. In special cases, however, the dyadie 
may satisfy an equation of lower degree. That equation 
of lowest degree which may be satisfied by a dyadic is called 
its eharaeUristic equation. The following possilHlities occur, 

I. (^-aI).(*-6I).(*-«I) = 0. 

n. (*-aI).(**-2i>cos J * + l>«I) = 0. 
in. (* - al) . (* - 6I)« = 0. 

IV. (*-aI).(*-6I) = a 

V. (*-aI)» = 0. 

VL (*«al)* = 0. 

vn. (*-ar) = o. 
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In the first case the dyadic is a tonic and may be reduced 
to the form 

In the second case the dyadic is a cyclotonic and may be 
reduced to the form 

^ = aaa' + i?co8 J (bb' + cc') +|?sin j (cb' — be'). 

In the third case the dyadic is a simple shearer and may be 
reduced to the form 

« = aaa' + h (b V + oc') + cb'. 

In the fourth case the dyadic is again a tonic. Two of the 
ratios of elongation are the same. The following reduction 
may be accomplished in an infinite number of ways. 

^ = aaa' + 6 (bb' + cc'). 

In the fifth case the dyadic is a complex shearer and may be 

so expressed that 

^= al + ab' + bc'. 

In the sixth case the dyadic is again a simple shearer which 
may be reduced to the form 

(P = al + cb'==fl (aa' +bb' +cc') + cb'. 

In the seventh case the dyadic is again a tonic which may be 
reduced in a doubly infinite number of wajrs to the form 

^ = al = a (aa' + bb' + oc'). 

These seven are the only essentially different forms which a 
dyadic may take. There are then only seven really different 
kinds of dyadics — three tonics in which the ratios of elonga- 
tion are all different, two alike, or all equal, and the cyclo- 
tonic together with three limiting cases, the two simple and 
the one complex shearer. 
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Summary of Chapter VI 

The tnnsf ormation due to a dyadic is a linear homogeneous 
strain. The dyadic itself gives the transformation of the 
points in space. The second of ih% dyadic gives the trans- 
formation of plane areas. The third of the dyadic gives the 
ratio in which volomes are changed. 

r'=^«r, s'=*,«s, v'^0^v. 

The necessary and sufficient condition that a dyadic repre- 
sent a rotation ahont a definite axis is that it be redocible to 

the form 

* = n + j'j + k'k (1) 

or that *.*^=I *, = + ! (2) 

or that 0*0c — ^ *, > 

The necessary and sufficient condition that a dyadic repre- 
sent a rotation combined with a transformation of reflection 
by which each figure is replaced by one symmetrical to it is 
that 

*=-(i'i+fj + k'k) ay 

or that *.*^ = I, *, = -l 

or that ^-^^rirl, *g<0. (8) 

A dyadic of the form (1) is called a versor; one of the form 
CI)', a perversor. 

If the axis of rotation of a versor be chosen or the i-axis 
the versor reduces to 

* = ii + cosgaj +kk) + sinj(kj-jk) (4) 
or * = ii + cosj(I — ii) + sinjIxL (5) 

If any unit vector a is directed along the axis of rotation 

* = aa + cosj(I — aa) + sin ; I x a (6) 
The axis of the versor coincides in direction with — 0^ 



f 
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If a vector be drawn along the axis and if the magnitude of 
the vector be taken equal to the tangent of one-half the angle 
of rotation, the vector determines the rotation completely. 
This vector is called the vector semi-tangent of version. 



TTk ft-ft = t»°'s2 (9) 



In terms of Q the versor may be expressed in a number of 
ways. 

or ^ = (I + I X ft) . (I - I X 0)-i (lOy 

««±(l + lx^ 

1 + aa ^ ' 

^^(l-ft.ft)^I + 2ftft+2Ixft ^j^y„ 

If a is a unit vector a dyadic of the form 

^ = 2aa-I (11) 

is a biquadrantal versor. Any versor may be resolved into 
the product of two biquadrantal versors and by means of 
such resolutions any two versors may be combined into 
another. The law of composition for the vector semi-tangents 
of version is 

A dyadic reducible to the form 
^ = aa' + cos 2 (bb' + cc') + sin j (ob' - be') (17) 

is called a cyclic dyadic. It produces a generalization of 
simple rotation — an elliptic rotation, so to speak. The pro- 

24 
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duct of two cyclic dyadics which have the same antecedents 
a, b, and consequents a' b' e' is obtained by adding their 
angles q. A cyclic dyadic may be regarded as a root of the 
idemfactor. A dyadic i-educible to the form 

* = aii +6jj +ckk (18) 

where a, 6, e are positive scalars is called a right tensor. It 
represents a stretching along the principal axis i, j, k in the 
ratio atol, &tol, ctol which are called the principal ratios 
of elongation. This transformation is a pure strain. 

Any dyadic may be expressed as the product of a versor, 
a right tensor, and a positive or negative sign. 

* = ± (ai'i' + bj'y + c k'k') (i'i + j'j + k'k) 

or * = ± (i'i + j'j + k'k).(aii + 6 jj + ckk). (19) 

Consequently any linear homogeneous strain may be regarded 
as a combination of a rotation and a pure strain accompanied 
or unaccompanied by a perversion. 

The immediate generalizations of the right tensor and the 
cyclic dyadic is to the tonic 

* = aaa' + &bV + ccc' (21) 

and cyclotonic 

* =aaa' + 5(bV + ccO + «(cV-.bc) (28) 
or 0ssa%9L' + pcoBq (bb' + cc')+J^8in2(cV — be') (25) 

where 1> = + V 6* + c* and tan 1 j = ^-^. (24)' 

^ p -r 

Any dyadic in general may be reduced either to the form 
(21), and is therefore a tonic, or to the form (25), and is 
therefore a cyclotonic. The condition that a dyadic be a 
tonic is that the cubic equation 

«» - *^«« + *,^a: - *^ = (29)' 
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shall have three real roots. Special cases in which the 
redaction may be accomplished in more ways than one arise 
when the equation has equal roots. The condition that a 
dyadic be a cyclotonic is that this cubic equation shall have 
only one real root. There occur two limiting cases in which 
the dyadic cannot be reduced to cyclotonic form. In these 
cases it may be written as 

(p = a aa' +1? (bV + co') + cV (87) 

and is a simple shearer, or it takes the form 

^ = aI + aV + bo' (88) 

and is a complex shearer. Dyadics may be classified accord- 
ing to their characteristic equations 

( (P - a I) . ((? - 6 1) . ((P - cl) = tonic 

((P — a I) • ((P* — 2 ^ cos J + p^I) = cyclotonic 

((P - al) • ((P — 5 1)^ = simple shearer 

(^ — al) • (^ — J I) = special tonic 

(^ — a I)' =s complex shearer 

(* — a I)* =s special simple shearer 

(^ — al) = special tonic. 



r 



CHAPTER Vn 

IGBGKLLAKBOnS APPUCATIOK8 

Qtiadric Swrface$ 

138.] If ^ be anj constant dyadic the equatian 

r • ^ • r = const. (1) 

is quadratic in z: The constanti in case it be not zero, may 

be divided into the dyadic and hence the equation takes 

the form 

r-*.r = l, (ly 

or r . * • r = 0. (2) 

The dyadic may be assumed to be self-conjugate. For if 
7 is an anti-self-conjugate dyadic, the product t •¥ •t is 
identically zero for all values of r. The proof of this state- 
ment is left as an exercise. By Art. 116 any self-conjugate 
dyadic iB reducible to the form 

X* V* z* 

Hence the equation r • ^ • r = 1 

represents a quadric surface real or imaginary. 

The different cases which arise are four in number. If the 
signs are aU positive, the quadric is a real ellipsoid. If one 
sign is negative it is an hyperboloid of one sheet; if two are 
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negative, a hyperboloid of two sheets. If the three signs are 

all negative the quadric is imaginary. In like manner the 

equation 

r. (P . r=0 

is seen to represent a cone which may be either real or 

imaginary according as the signs are different or all alike. 

Thus the equation 

T • •! = const. 

represents a central quadric surface. The surface reduces to 
a cone in case the constant is zero. Conversely any central 
quadric surface may be represented by a suitably chosen self- 
conjugate dyadic in the form 

r • (P • r = const. 

This is evident from the equations of the central quadrio 
surfaces when reduced to the normal form. They are 

x^ y^ z^ 
± -r ± f5 ± "5 = const, 
a* 6' c^ 

r^ ..... ^. ^ 11 jj kk 

The corresponding dyadic (Pis <P=±-^± — ± — r-. 

a^ 0* c* 

The most general scalar expression which is quadratic in 
the vector r and which consequentiy when set equal to a con- 
stant represents a quadric surface, contains terms like 

r«r, (r.a)(b.r), r • o, d«e, 

where a, b, o, d, e are constant vectors. The first two terms 
are of the second order in r ; the third, of the first order ; and 
the last, independent of r. Moreover, it is evident that these 
four sorts of terms are the only ones which can occur in a 
scalar expression which is quadratic in r. 

But r • r = r • I • r, 

and (r • a) (b • r) =: r • ab • r. 



> 
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Henoe Ae most giavnl qnjulrarte> expsesskm Biaj be redneed 

to 

r.#T + r- A-h(7=0p 

where # is a constant djadie, A a oooslaiit Tectoc, and (7 
a constuit scalac The djadk maj be v^axded as self- 
oonjogate if desbed. 

To be lid (rf the linear term r • A, make a change of ongin 
by xefdadi^ r by r' — t. 

(r'-t).#.(i'-t) + (i'-t).A+(7=0 

,/.#.,^-t.#.i'-i'.#.t + t.#.t 

+ r'.A--t.A+C = 0. 

Since # is self-ecmjngate the second and third terms aie 
equal Hence 

r' . # . 1^ + 21^ . (1 A- # . t) + r = a 

If now is complete the Tector t may be chosen so thai 

\K^0-t ort = i#-i.A. 

Hence the qoadric is reducible to the central f osm 

r' • # • r'^ccmsi. 

In case # is incomplete it is trntplanar or «ailinear because 
# is self-coiqtigate. If A lies in the plane of # or in the line 
(rf ^ as the case mxj be the equation 

iA = *.t 

is soluUe for t and tiie reduction to central form is still poa- 
siUe. But unless A is so situated the reducticm is impossible. 
The quadric surface is not a central surface. 

The discussion and classification of the Tarious non-central 
quadrics is an i n t e rest i ng exercise. It will not be taken up 
here. The pfesent object is to deyelc^ so much of the theoiy 
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of qnadric surfaces as will be useful in applications to mathe- 
matical physics with especial reference to non-isotropic media. 
Hereafter therefore the central quadrics and in particular the 
ellipsoid will be discussed. 
137.] The tangent plane may be found by differentiation. 

r • (P • r = 1- 

dv •! + ! • • dr = 0. 

Since <P is self-conjugate these two terms are equal and 

dr. ^.1 = 0. (5) 

The increment di is perpendicular to ^ • r. Hence • t is 
normal to the surface at the extremity of the vector r. Let 
this normal be denoted by JS and let the unit normal be n. 

H = * T (6) 

•! •! 



n = 



V(<P t) • ((P • r) Vr • (P^ • r* 



Let p be the vector drawn from the origin perpendicular to 
the tangent plane, p is parallel to n. The perpendicular 
distance from the origin to the tangent plane is the square 
root of p • p. It is also equal to the square root of r • p. 





r.p = rco8(r, p)i>=i?«. 


Hence 


r • p = p • p. 


Or 


P*P - P 1 
= r • = 1, 

p.p p.p 


But 


r.^T = r.H = l. 



Hence inasmuch as p and H are parallel, they are eqnaL 

*.r = H = -^. (7) 

p.p 
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On page 108 it was seen that the vector which has the direc- 
tion of the normal to a plane and which is in magnitude equal 
to the reciprocal of the distance from the origin to the plane 
maj be taken as the vector coordinate of that plane. Hence 
the above equation shows that <P • r is not merely normal to 
the tangent plane, but is also the coordinate of the plane. 
That is, the length of <P • r is the reciprocal of the distance 
from the origin to the plane tangent to the ellipsoid at 
the extremity of the vector r. 

The equation of the ellipsoid in plane coordinates may be 
found by eliminating r from the two equations. 

I r« *T = 1, 

Hence r . * • r=:H • *-* • * • *-i . H = I . *-i. I. 
Hence the desired equation is 

H.*-i.H = l. (8) 



u 






*-» = a»ii + J«jj + c«kk. 


Let 


r = a:l + yj + «k, 


and 


H = «i + t>j + wk, 



where u^v^w are the reciprocals of the intercepts of the 

plane H upon the axes i, j, k. Then the ellipsoid may be 

written in either of the two forms familiar in Cartesian 

geometry. 

«* y* «* 

or H.*-i.H = a«tt« + &»«« + c«tr« = L (10) 
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138.] The locus of the middle points of a system of 
parallel choids in an ellipsoid is a plane. This plane is 
called the diametral plane conjugate with the system of 
chords. It is parallel to the plane drawn tangent to the 
ellipsoid at the extremity of that one of the chords which 
passes through the center. 

Let r be any radius vector in the ellipsoid. Let s be the 
vector drawn to the middle point of a chord parallel to a. 

Let r = s + a:a. 

U r is a radius vector of the ellipsoid 

r.(P.r = (s + a:a).<P«(s + «a) = L 

Hence s* • §+ 2x§ • <P«a + rc^a* <P*a=l. 

Inasmuch as the vector s bisects the chord parallel to a the 
two solutions of x given by this equation are equal in mag- 
nitude and opposite in sign. Hence the coefficient of the 
linear term x vanishes. ^ ^ 

Consequently the vector s is perpendicular to (P • a. The 

locus of the terminus of s is therefore a plane passed through 

the center of the ellipsoid, perpendicular to <P • a, and parallel 

to the tangent plane at the extremity of a. 

U b is any radius vector in the diametral plane conjugate 

with a, V ^ A 

^ b • ff' • a = 0. 

The symmetry of this equation shows that a is a radius 

vector in the plane conjugate with b. Let o be a third radius 

vector in the ellipsoid and let it be chosen as the line of 

intersection of the diametral planes conjugate respectively 

with a and b. Then 

a . (P . b = 0, 

b . * . c = 0, (11) 

i • ^ • a = 0. 



i 
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The vectors a, b, o are changed into (P • a, (P • b, (P • o by 
the dyadic <P. Let 

a' = (P . a, b' = <P • b, o'z=0.o. 

The vectors a'9 b', c' form the system reciprocal to a, b, e. 

For a • a' = a • <P • a = 1, b • V = b • <P • b = 1, 

• e' = • <P • = 1, 
and a«V = a*(P*b = 0, b*c' = b«^«o=:0, 

c . a' = c • (P • a = 0. 

The dyadic may be therefore expressed in the forms 

(p = aV + VV + e'c', (12) 

and *"'^ = aa + bb + CO. 

U for convenience the three directions a, b, 0, be called a 
system of three conjugate radii vectors, and if in a similar 
manner the three tangent planes at their extremities be called 
a system of three conjugate tangent planes, a number of 
geometric theorems may be obtained from interpreting the 
invariants of 0. A system of three conjugate radii vectors 
may be obtained in a doubly infinite number of ways. 

The volume of a parallelopiped of which three concurrent 
edges constitute a system of three conjugate radii vectors is 
constant and equal in magnitude to the rectangular parallelo- 
piped constructed upon the three semi-axes of the ellipsoid. 

For let a, b, e be any system of three conjugate axes. 

*~* = aa + bb + cc. 

The determinant or third of (^"^ is an invariant and inde- 
pendent of the form in which is expressed. 

*,-i=[abc]a. 
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But if *-* = a^ ii + 5» jj + e^ kk, 

*,-! = fl* 6« eK 
Hence [a b e] = a & c. 

This demonstrates the theorem. In like manner by inter* 
preting (Pg, ^/"^ and 0jg it is possible to show that: 

The sum of the squares of the radii vectors drawn to an 
ellipsoid in a system of three conjugate directions is constant 
and equal to the sum of the squares of the semi-axes. 

The volume of the parallelepiped, whose three concurrent 
edges are in the directions of the perpendiculars upon a system 
of three conjugate tangent planes and in magnitude equal to 
the reciprocals of the distances of those planes from the 
center of the ellipsoid, is constant and equal to the reciprocal 
of the parallelepiped constructed upon the semi-axes of the 
ellipsoid. 

The sum of the squares of the reciprocals of the three per- 
pendiculars dropped from the origin upon a system of three 
conjugate tangent planes is constant and equal to the sum of 
the squares of the reciprocals of the semi-axes. 

If i, j, k be three mutually perpendicular unit vectors 

(P^ = i.^.i+j«*.j + k.^.k, 
^/■i = i . ^1 . 1 + j . ^-1 . j + k • *-i . k. 

Let a, b, be three radii vectors in the ellipsoid drawn 
respectively parallel to i, j, k. 

a* (p.a = bv<P*b = o* ^•c = L 

i* *•! j • ^-j k. ^.k 
Hence <P^ = — -^ — + ' — :;t-^ -h 



a*^«a b*(P«b o*<P«o 

But the three terms in this expression are the squares of the 
reciprocals of the radii vectors drawn respectively in the i, j, 
k directions. Hence : 
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The sum of the squares of the reciprocals of three mutually 
perpendicular radii vectors in an ellipsoid is constant. And 
in a similar manner: the sum of the squares of the perpen- 
diculars dropped from the origin upon three mutually perpen- 
dicular tangent planes is constant. 

139.] The equation of the polar plane of the point deter- 
mined by the vector a is ^ 

s • * . a = 1. (13) 

For let s be the vector of a point in the polar plane. The 

vector of any point upon the line which joins the terminus of 

t and the terminus of a is 

yi + ga 

If this point lies upon the surface 

ys + «a ys + aja 



= 1 



x + y x + y 

V* 2 05 V x^ 



) 



(x + y)2 (x + yy ^ ix + yy 

If the terminus of s lies in the polar plane of a the two values 
of the ratio x:y determined by this equation must be equal 
in magnitude and opposite in sign. Hence the term in x y 
vanishes. 

Hence t • (P • a = 1 

is the desired equation of the polar plane of the terminus 
of a. 
Let a be replaced by 2 a. The polar plane becomes 

or s • (p • a = - • 

z 

1 It is eridentlj immaterial whether the central quadxie determined Iqr ^ te 
teal or imaginary, eUipaoid or h jpexboloid. 
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When z inoieases the polar plane of the terminus of «a 
approaches the origin. In the limit when z becomes infinite 
the polar plane becomes 

s • ^ • a = 0. 

Hence the polar plane of the point at infinity in the direction 
a is the same as the diametral plane conjugate with a. This 
statement is frequently taken as the definition of the diame- 
tral plane conjugate with a. In case the vector a is a radius 
vector of the surface the polar plane becomes identical with 
the tangent plane at the terminus of a. The equation 

s.^.a = l ors*H = l 

therefore represents the tangent plane. 

The polar plane may be obtained from another standpoint 
which is important. U a quadric Q and a plane P are given, 

and P=r*o — (7 = 0, 

the equation (r«*«r — l) + A(r«o — (7)* = 

represents a quadric surface which passes through the curve 
of intersection of Q and P and is tangent to Q along that 
curve. In like manner if two quadrics Q and Q' are given, 

Q = f ^•r-l = 
Q' = f (P'.r-1 = 0, 
the equation (r • * t — 1) + * (r • <P' t — 1) = 

represents a quadric surface wliich passes through the curves 
of intersection of Q and Q^ and which cuts Q and Q' at no 
other points. In case this equation is factorable into two 
equations which are linear in r, and which consequently rep- 
resent two planes, the curves of intersection of Q and Q^ 
become plane and lie in those two planes. 
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If ^ is any point outside of the quadric and if all the tangent 
planes which pass through A are drawn, these planes envelop 
a cone. This cone touches the quadric along a plane cnrve — 
the plane of the curve being the polar plane of the point A. 
For let a be the vector drawn to the point A. The equation 
of any tangent plane to the quadnc is 

■ • ^ • r = 1. 

If this plane contains A^ its equation is satisfied by a. Henoe 
tiie conditions which must be satisfied by r if its tan^rent 
plane passes through A are 

r • ^ • r = 1. 

The points r therefore lie in a plane r • (<^ • a) = 1 which 
on comparison wit^ (13) is seen to be t^e polar plane of A. 
The quadric which passes through the curve of intersection 
of this polar plane with the given quadric and which touchea 
the quadric along that curve is 

(r. *.r-l) + *(a. *.r-l)« = 0. 
If this passes through the point A^ 

(a . * . a - 1) + * (a . * . a - 1)« = 0. 
Hence (r • * • r — 1) (a- ^ • a — 1) — (a • * • r — 1)* = 0. 

By transforming the origin to the point A this is easily seen 
to be a cone whose vertex is at that point 

140.] Let be any self-conjugate dyadic It is eiqneB- 
sible in the form 

where ^, f , (7 are positive or negative scalan. Further- 
more let ^ T> ^ 

A <B< C 

*-^I = ((7-^)kk-(-B-^)iL 
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Let V C-B k = c and ^ B^A i = a. 

Then *--BI=cc-aa=| j(c+a)(c-a)+(c-a)(c+a) j. 

Let c + a = p and c — a = q. 

Then * = -»! + ^(pq + qp). (14) 

The dyadic <P has been expressed as the sum of a constant 
multiple of the idemfactor and one half the sum 

pq + qp. 

The reduction has assumed tacitly that the constants A^ Bj 
are different from each other and from zero. 

This expression for is closely related to the circular 
sections of the quadric surface 

r • ^ • r = 1. 

Substituting the value oi 0^ r • <2> • r = 1 becomes 

^r«r + r«p q.r = l. 

Let r • p = n 

be any plane perpendicular to p. By substitution 

B r-r + n q«r — 1 = 0. 

This is a sphere because the terms of the second order all 
have the same coefficient B. If the equation of this sphere 
be subtracted from that of the given quadric, the resulting 
equation is that of a quadric which passes through the inter- 
section of the sphere and the given quadric. The difference 

q • r (r • p — ») = 0. 

Hence the sphere and the quadric intersect in two plane 
curves lying in the planes 

q • r = and r • p = n. 
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Inasmnch as these curves lie upon a sphere they are circleflL 

Hence planes perpendicular to p cut the qnadric in circles. 

In like manner it may be shown that planes perpendicular to 

q cut the quadric in circles. The proof may be conducted as 

follows : 

jBr«r + r«p qT = l. 

If r is a radius vector in the plane passed through the center 
of the quadric perpendicular to p or q^ the term r • p q • r van- 
ishes. Hence the vector r in this plane satisfies the equation 

-Br.r = l 

and is of constant length. The section is therefore a circular 
section. The radius of the section is equal in length to the 
mean semi-axis of the quadric. 

For convenience let the quadric be an ellipsoid. The con- 
stants ^, f , (7 are then positive. The reciprocal dyadic 0"^ 
may be reduced in a similar manner. 

^1 ii . jj kk 

A^ B^ C 

-4'=a-c-)"-G-^)- 



Let 



f^i/IIIk and d = f/IIlL 



) 



Then *-»--i-I = ff-dd = | j(f+d)(f-d) 

+ (f-d)(f + d)| 
Let f + d = n and f — d = t. 

Then *-i = ^I + ^(iiT + Tii). (IS) 
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The vectors n and v are connected intimately with the cir- 
cular cylinders which envelop the ellipsoid 

r • ^ • r = 1 or H • 0"^ • H = 1. 

For ~H«H + H«nvH = l. 

jS 

If now H be perpendicular to n or v the second term, namely, 
H • nv • H, vanishes and hence the equation becomes 

H . H = ^. 

That is, the vector H is of constant length. But the equation 

is the equation of a cylinder of which the elements and tan- 
gent planes are parallel to n. If then H • H is constant the 
cylinder is a circular cylinder enveloping the ellipsoid. The 
radius of the cylinder is equal in length to the mean semi-axis 
of the ellipsoid. 

There are consequently two planes passing through the 
origin and cutting out circles from the ellipsoid. The normals 
to these planes are p and q. The circles pass through the 
extremities of the mean axis of the ellipsoid. There are also 
two circular cylinders enveloping the ellipsoid. The direction 
of the axes of these cylinders are u and v. Two elements of 
these cylinders pass through the extremities of the mean axis 
of the ellipsoid. 

These results can be seen geometrically as follows. Pass 
a plane through the mean axis and rotate it about that 
axis from the major to the minor axis. The section is an 
ellipse. One axis of this ellipse is the mean axis of the 
ellipsoid. This remains constant during the rotation. The 
other axis of the ellipse varies in length from the major to the 
minor axis of the ellipsoid and hence at some stage must pass 
through a length equal to the mean axis. At this stage of 

86 
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the rotation the section is a circle. In like mannftr cx^nader 
the projection or shadow of the ellipsoid cast upon a pbme 
parallel to the mean axis by a point at an infinite diataooe 
from that plane and in a direction perpendicular to il As the 
ellipsoid is rotated about its mean axis» from the poeiticm in 
which the major axis is perpendicular to the plane of projec- 
tion to the position in which the minor axis is peipendicuJar 
to that plane, the shadow and the projecting cylinder have the 
mean axis of the ellipsoid as one axis. The other axis chai]4;es 
from the minor axis of the ellipsoid to the major and hence at 
some stage of the rotation it passes through a value equal to 
the mean axis. At this stage the shadow and projecting 
cylinder are circular. 

The necessary and sufficient condition that r be the major 
or minor semi-axis of the section of tiie ellipscud r • <^ • r = 1 
by a plane passing through the center and perpendicular to a 
is that a, r, and <^ • r be cc^lanar. 



Let 


r. *.r = l 


and 


r . a = 0. 


Differentiate : 


df •t^O^ 




i{r • a = 0. 


Furthermore 


i{r •r = 0. 



if r is to be a major or minor axis of the section; for r is a 
maximum or a mininum and hence is perpendicular to dt. 
These three equations show that a, r, and ^ • r are all ortho- 
gonal to Uie same vector dr. Hence they are coplanar. 

[a r * . r] = 0. (16) 

Conversely if [a r <^ • r] = 0, 

dt may be chosen peipendicular to their common plane. 

dt • rssO. 
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Hence r is a maTimiim or a miniTmin and is one of the prin- 
cipal semi-axes of the section perpendicular to a. 

141.] It is frequently an advantage to write the equation 
of an ellipsoid in the form 

r . !P . r = 1, (17) 

instead of r • <f^ • r = 1. 

This may be done; because if 

,^ = y + ij + kk 

y = ii+ii + ^ (18) 

ale ^ ' 

is a dyadic such that W^ is equal to <f^. V may be regarded as 
a square root of and written as <f^K But it must be re- 
membered that there are other square roots of -^ for 
example, 

a e 

For this reason it is necessary to bear in mind that the square 
root which is meant by 0^ is that particular one which has 
been denoted by V. 
The equation of the ellipsoid may be written in the form 

r • y • y • r = 1, 

OP (y-r)- (yT)=:l. 

Let r' be the radius vector of a unit sphere. The equation of 
the sphere is 



388 WECTfm JJfALTSS 

ft f ^ M •XWL DBOQflKK CmOCES IBOS JBI Cs]&S99QDB. 2BQBT b^ 

Ifitimnwfyl isiD a mit iphae br vfftpag tdie cpenoar F* 
to csKk n£as Tvetor i;aad liee tceb* tdie mmts, ifkie an- 

r-^ to CBKk nfifBinecdori'. FimfcasHR if «.¥.€ ae 
1 of diree cuijjs^iitte' oifi tcsttAJU> m an cIEpsood 

a- r«.a = fc- f^.fc=:c. f^.c = l. 

t af; V, cf denote l e iy et titdj r • a. F • K 

ar.V==V.^ = ^.a'=r«L 

HcneelfcetiiRein&TWbona^V.crcf Idle nn 
wUfib diree eanjngjtte mfi Teeton in Ae riliinwail 
fooned bjr Ae oy c uto i F^^ aie amtmlhr cntiiopaBL TWjr 
finon a ng^bft-lnnded or lefitrlnnded i^rslcmof diree mntOMaSkf 



Anr rilifwoiil nar be trinrfnMcd into any 
dupoon bjr iKans of a inwMigMmwj 
Let the eqntiaM of the cDmnids lie 



r.#.r = l, 
and r.r.r = l. 

Bf Bene of Ae atam #* Ae affi Teetoa r of Ae fim 
rilittiiit aie fhinged into tlw n£ lecluu r' of a obd 



By memo of tlie ibain W^ die nffi iwtaEB i' of diis nnit 

sphen aie tamafidnned in like mumer into tbe n£ 

of the aeeond iffipawd. Hence by the peodnetr is 

into c. 

r= r-».#».r. (19) 
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The transfonnation may be accomplished in more ways 
than one. The radii vectors r' of the unit sphere may be 
transformed among themselves by means of a rotation with or 
without a perversion. Any three mutually orthogonal unit 
vectors in the sphere may be changed into any three others. 
Hence the semi-axes of the first ellipsoid may be carried over 
by a suitable strain into the semi-€ixes of the second. The 
strain is then completely determined and the transfonnation 
can be performed in only one way. 

142.] The equation of a family of confocal quadric sur- 
faces is 

+ rr^: + T5r-r = l- (20) 



ii 


6* — nj 

1 ^^ I 


kk 


ii 


e' — nj 
kk 


o*— », 


'6«-»,' 


c«-». 



K r • (P . r = 1 and r • ¥ •!= 1 are two surfaces of the 
family, 

^-1 = (a« - nj) ii + (6« - nj) j i + (c* - n^) k k, 
gr-i = (a^ - n,) ii + (l^ - n^) jj + (c« - 74) kk. 

Hence *-^- ^-^ = (713-711) (ii + jj + kk) 

= (74 - 7li) I. 
The necessary and sufficient condition that the two quadrics 

r • ^ • r = 1 
and r • y • r = 1 

be confocal, is that the reciprocals of 9 and W differ by a 
multiple of the idemfactor 

^-1- gr-i = ajL (21) 



? 
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U two conf ocal qiiadiics intenect, they do so at right ^»*gl<My 
Let the qiiadrics be r • <^ • r = 1, 
and r • F • r = 1. 

Let ■ = ^ • r and i' = f • r, 

r = ^"^ • s and r = F"^ • J. 
Then the qoadrica may be written in tenna of s and J aa 

and ■'•r-i.f' = l, 

where by the conf ocal property, 

If the qnadrica intersect at r the condition for perpendicnhirity 
is that the normals •! and F • r be peipendicular. That is, 

s^s'^O. 

But r= r-i.s'=*-i*s = (r-i + a;I).s 

= y-i •• + «■, 
a;i.s' = s'. r-i.s'-s. r-i. 8^=1-8. r-^.s'. 

In like manner 
r =*-!.•= r-i.s' = (*-i-«I)*s' = *-».s'-«s'. 
a; s • s' = 8 • ^"^ • s' — s • 0'^ • i = i • ^"i • s'— 1. 

Add: 2 « s • •' = s • (*~i - V'^) . s' = « s • f'. 
Hence g . s' = 0, 

and the theorem is proved. 

If the parameter n be allowed to vary from — od to + od the 
resnlting conf ocal qnadrics will consist of three families of 
which one is ellipsoids ; another, hyperboloids of one sheet ; 
and ihid third, hyperboloids of two sheets. By the foregoing 
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theorem each surface of any one &nuly cuts every surface 
of the other two orthogonally. The surfaces form a triply 
orthogonal system. The lines of intersection of two families 
(say the family of one-sheeted and the family of twoHsheeted 
hyperboloids) cut orthogonally the other family — the family 
of ellipsoids. The points in which two ellipsoids are cut by 
these lines are called corresponding points upon the two ellip- 
soids. It may be shown that the ratios of the components of 
the radius vector of a point to the axes of the ellipsoid 
through that point are the same for any two corresponding 
points. 
For let any ellipsoid be given by the dyadic 

^_U jj kk 

The neighboring ellipsoid in the &mily is represented by the 
dyadic 

r_ ^^ I ^^ I ^^ . 

€?^dn h^ — dn ^ — dn 
7-1=^-1 + 1^71. 

Inasmuch as and W are homologous (see Ex. 8, p. 880) 
dyadics they may be treated as ordinary scalars in algebra. 
Therefore if terms of order higher than the first in <2n be 
omitted, jr=<p + Id». 

The two neighboring ellipsoids are then 

r • ^ • r = 1, 
and f • (<P + I dn) • r = 1. 

By (19) r = (* + I in)"* . <P» . r, 

f =(1+ *dn)-».r, 



f — (I — I <P dn) • r = : 



dn - 
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The vectors r and r differ by a multiple of (P • r which is 
perpendicular to the ellipsoid 0. Hence the termini of f and 
r are corresponding points, for they lie upon one of the lines 
which cut the &mily of ellipsoids orthogonally. The com- 
ponents of r and f in the direction i are r • i = a; and 

— . ^^ . ^ dn X 

r.i = a; = r«i :r-i* ^•r = a; — -. 

2 2 a' 

X dft 

The ratio of these components is - = 1 — — -^ • 



The axes of the ellipsoids in the direction i are Vcfl — dn and 
a. Their ratio is 

Va^ — dn «— o — 1 "'^ ^ 
= z flj = I — - — - = — 

a 2 a* X 



In like manner J-^-- = - and ^ = 



Hence the ratios of the components of the vectors f and r 
drawn to corresponding points upon two neighboring ellip- 
soids only differ at most by terms of the second order in c2n 
from the ratios of the axes of those ellipsoids. It follows 
immediately that the ratios of the components of the vectors 
drawn to corresponding points upon any two ellipsoids, sepa- 
rated by a finite variation in the parameter n^ only differ at 
most by terms of the first order mdn from the ratios of the 
axes of the ellipsoids and hence must be identical with them. 
This completes the demonstration. 

The IVopagation of Light in Crystals'^ 

143.] The electromagnetic equations of the ether or of any 
infinite isotropic medium which is transparent to electromag- 
netic waves may be written in the form 

1 The following diacnBdon must be regarded as mathematical not phjricaL 
To treat the aabject from the standpoint of phjsics would be oat of place here. 



THE PROPAGATION OF LIGHT IN CRYSTALS 393 

Pot^ + ^B + Vr=0, V.D = (1) 

where B is the electric displacement satisfying the hydrody- 
namic equation V • B = 0, J? a constant of the dielectric meas- 
ured in electromagnetic units, and V V the electrostatic force 
due to the function V. In case the medium is not isotropic the 
constant E becomes a linear vector function 0. This function 
is self-conjugate as is evident from physical considerations. 
For convenience it will be taken as 4 tt dP. The equations 
then become 

Pot^ + 47r*.B + VF=0, V.B=0, (2) 

Operate by V x V x. 

Vx VxPot^+47rVx Vx *.B = 0. (8) 

The last term disappears owing to the fact that the curl of 

the derivative V Evanishes (page 167), The equation may 

also be written as 

d*B 
Pot V X V X j-j +47rVxVx(iP-B = 0. (8)' 

But VxVx=VV.-V.V. 

rfB 

Remembering that V • B and consequently V • -—- and 

V • -3— r- vanish and that Pot V • V is equal to — 4 tt the 
equation reduces at once to 

^ = V.V(P.B-VV.(P.B, V.B = 0. (4) 

Suppose that the vibration B is harmonic. Let r be the 
vector drawn from a fixed origin to any point of space. 
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Then D = A cos (m • r — n 

where A and m are constant vectors and n a constant scalar 
represents a train of waves. The vibrations take place in 
the direction A. That is, the wave is plane polarized. The 
wave advances in the direction m. The velocity v of that ad- 
vance is the quotient of n by m, the magnitude of the vector 
m. If this wave is an electromagnetic wave in the medium 
considered it must satisfy the two equations of that medium. 
Substitute the value of B in those equations. 

The value of V • D, V • V ^ • D, and VV • ^ • D may be 
obtained most easily by assuming the direction i to be coinci- 
dent with m. m • r then reduces to m 1 • r which is equal to 
m X. The variables y and z no longer occur in D. Hence 

D = A cos (mx^nf) 
V • D = i • -^ = — I • A m sin (m a? — n <) 

w X 

V«V<P*D = — m^(P.A cos (mx--ni) 

W • • D = — m*i !• <?• A cos (mx-^nt). 

Hence V«D = — m«A sin(m«r — nQ 

V • V dP • B = — m • m <2> • B 

VV« ^•D = — mm* (P-D. 

Moreover ^— ^ = — »* D. 

Hence if the harmonic vibration B is to satisfy the equa* 
tions (4) of the medium 

n^B = m«iii •'D -^mm • •Ji (5} 

and m • A = 0. (6) 
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The latter equation states at once that the vibrations must 
be transverse to the direction m of propagation of the waves. 
The foimer equation may be put in the form 

. D. (5)' 





m- m - ^ mm 






Introduce 


m 

8 = - • 

n 



The vector s is in the direction of advance m. The magnitude 
of s is the quotient of m by n. This is the reciprocal of the 
velocity of the wave. The vector s may therefore be called 
the wave-slowness. 

This may also be written as 

D = — (iXiX ^•D) = ix(<P»D)Xfc 
Dividing by the scalar factor cos (mx-^n t\ 

A = i X (<}>• A) X i = i • i (?• A — §§• (?• A. (7) 

It is evident that the wave slowness § depends not at all 
upon the phrase of the vibration but only upon its direction. 
The motion of a wave not plane polarized may be discussed by 
decomposing the wave into waves which are plane polarized. 

144.] Let a be a vector drawn in the direction A of the 
displacement and let the magnitude of a be so determined 

that a • * • a = 1. (8) 

The equation (7) then becomes reduced to the form 

a=:ix(<f^*a)Xi = i*i (iP*a = if^*a (9) 

a . * . a = 1. (8) 

These are the equations by which the discussion of the velocity 
or rather the slowness of propagation of a wave in different 
directions in a non-isotropic medium may be carried on. 

a«a = i«8 a«<2>«a = i«8. (10) 



) 
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Hence the wave slownesB s doe to a ^spiMeeaneatt in "At 
direction a is equal in magnitude (bat not in dizectianL^ tz> xbt 
zsidlus YedOT drawn in d^e pllipapMj a«#«a=:lin liifi 
direetian* 

axa = = s«s ax^*a — axi 8*#*a 

= f«f(ax^«a)«^*a = axi*#«a 8*#*a. 

But Uie fiiat tenn contains • a twice and Taxusbea. Heoot 

axi«^«a=[a g #.a]sO. (U) 

The wave-alowneas i Uieiefoie lies in a plsne witii die 
direction a of dii^lacement and the nonnal #• a dzawn to die 
ellipsoid a«<^«a=:lat the tenninus of a. Since a is peipen- 
dicukr to a and equal in magnitude to a it is eridently com- 
pletely detennined except as regards sign when the divectioo 
a is known* Given the direction of di^lacement the line of 
advance of the wave compatible with the di^lacement is com- 
pletely determined, the velocity of the advance is likewise 
known* The wave however may advance in either direction 
along that line. By reference to page 386, equation (11) is seen 
to be the condition that a shall be one of t^e principal axes of 
the ellipsoid formed by passing a plane through the ellipsoid 
perpendicular to s. Hence for any given direction of advance 
there are two possible lines of displacement. These are the 
principal axes of the ellipse cut from the ellipsoid a* <^ • a = l 
by a plane passed through the center perpendicular to the 
line of advance. To these statements concerning the detor- 
minateness of s when a is given and of a when § is given just 
such exceptions occur as are obvious geometrically. If a and 
<^ • a are parallel § may have any direction perpendicular to a. 
This hi^pens when a is directed along one of the principid 
axes of the ellipsoid* If § is perpendicular to one of the 
circular sections of the ellipsoid a may have any direction in the 
plane of the section. 
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When the direction of displacement is allowed to vary the 
slowness s varies. To obtain the locus of the terminus of s, a 
must be eliminated from the equation 

or (I - 8 . s («> + s s . («>) . a = 0. (12) 

The dyadic in the parenthesis is planar because it annihilates 
vectors parallel to a. The third or determinant is zero. This 
gives immediately 

or (4>-i - s . s I + ss)3 = 0. (18) 

This is a scalar equation in the vector s. It is the locus of 
the extremity of s when a is given aU possible directions. A 
number of transformations may be made. By Ex. 19, p. 881, 

(^ + ef)8 = ^8 + « • ^a • ' = ^8 + « • ^c"^ • ' ^8- 
Hence 

Dividing out the common factor and remembering that is 
self-conjugate. 

l + i. ((p-i-t.il)-i.i = 0. 





or 


1 + • . = 3. .8 = 0, 

I — 8 . 8 <P 




8. 1.8 , 9 - 




1*1 I — 8 • I (^ 




-O-r^^)—- 


TTpnnA 


I 

■ ■ ■ a — 


XXCUwO 


I — I* 8 (P 


Let 





(14) 
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— -(*J-(:^J"*(^J" 



Let ■ = xi + yj + xk and «s = 2S + yS + sS. 
Then the eqnaticm of tbe surface in Caiteaian ooflkdinafces is 



r:Vi 



-ii = o. 



(i4y 



i« 



The eqoatum in Cartesian coordinates vaij be ohtnined 
directly from 



The detraminant of tiiis djadic is 



a« — #« + z* 

XX 



'y 
y« 



cs 



y* 



e«-«« + «« 



= 0. (isy 



By means of the relation #* = x* + jr* + ^ tiiis aaBomeB the 
forms 



or 



or 



a* 


y* 

_l_ _L 


«« 


-1 


««-a 


1 + ^-51 + 


#«-e« 


-~ X 


a* a* 


j^ 1 


c««« 


-0 


*«-a« 


'*«-6«'. 


»»-«« 


v» 


TT 


y* 




0. 



1- 



1? 



This equation appears to be of the nxth dq;ree. It is how- 
ever of otAj the fbnrtiL The tenns of the sixtii order cancel 
oat. 

The vector s represents the wave-slownefls. Siqipose that a 
plane wave polamed in the direction a passes tiie ox^in at a 
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certain instant of time with this slowness. At the end of a 
unit of time it will have travelled in the direction s, a distance 
equal to the reciprocal of the magnitude of s. The plane will 
be in this position represented by the vector s (page 108). 

K • = tti + i; j + wk 

the plane at the expiration of the unit time cuts off intercepts 
upon the axes equal to the reciprocals of u, v^ w. These 
quantities are therefore the plane cot^rdinates of the plane. 
They are connected with the cotJrdinates of the points in the 
plane by the relation 

u«+vy + !£;» = 1. 

If different plane waves polarized in all possible different 
directions a be supposed to pass through the origin at the 
same instant they will envelop a surface at the end of a unit 
of time. This surface is known as the wave-sur&ce. The 
peipendicular upon a tangent plane of the wave-surface is the 
reciprocal of the slowness and gives the velocity with which 
the wave travels in that direction. The equation of the wave- 
surface in plane cotjrdinates u^v^wi& identical with the equa- 
tion for the locus of the terminus of the slowness vector s. 
The equation is 

r— ? + r-?+7-^ = ^ (16) 

^"■^ ^""P ^"•? 

where «* = w* + t?* + w\ This may be written in any of the 
forms given previously. The surface is known as FresneV^ 
WavtrSurfom. The equations in vector form are given on 
page 897 if the variable vector s be regarded as determining a 
plane instead of a point. 

145.] In an isotropic medium the direction of a ray of 
light is perpendicular to the wave-front. It is the same as 
the direction of the wave's advance. The velocity of the ray 
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is equal to the Telocity of the wave. In a non-isotropic 
medium this is no longer true. The ray does not trayel per- 
pendicular to the wave-front — that is, in the direction of the 
wave's advance. And the velocity with which the ray travels 
is greater than the velocity of the Mrave. In fact, whereas the 
wave-front travels off always tangent to the wavensurface, the 
ray travels along the radius vector drawn to the point of tan- 
gency of the wave-plane. The wave-planes envelop the 
wave-sur&ce; the termini of the rays are situated upon it. 
Thus in the wave-surface the radius vector represents in mag- 
nitude and direction the velocity of a ray and the perpen- 
dicular upon the tangent plane represents in magnitude and 
direction the velocity of the wave. If instead of the wave- 
surface the sur&ce which is the locus of the extremity of the 
wave slowness be considered it is seen that the radius vector 
represents the slowness of the wave; and the pei;)endicular 
upon the tangent plane, the slowness of the ray. 

Let V be the velocity of the ray. Then s • V = 1 because 
the extremity of V lies in the plane denoted by i. Moreover 
the condition that V be the point of tangency gives cIy" pei 
pendicular to s. In like manner if s' be the slowness of the 
ray and v the velocity of the wave, •'•¥ = ! and the condition 
of tangency gives d ^ perpendicular to v. Hence 

• .v' = landi'.v = l, (16) 

and g.dVrrO, v.di' = 0, ^.^1 = 0, •'.dv = 0, 
V may be expressed in terms of a, i, and as follows. 
a = f %0 . a — It • <?• a, 
c2a = 28*c28<^*a — I* • %du + u • % • d% 
— Bcls* •%=-%% • • d%. 

Multiply by a and take account of the relations a • i = and 
a • (^ • (Ja = and a • a = s • s. Then 
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n • d% — % • d% 8 • (P • a = 0, 

or d 8 • (s — a 8 • 4^ • a) = 0. 

But since "^ • d% = 0, v' and 8 — a 8 • (^ • a have the same 
direction. 

v' = « (8 — a 8 • (P • a), 

i.Y'=:a;(8-8 — 8-a8- • %) = x§ • §. 

g — as* • B» 
Hence y' = , (17) 

8*8 

, . 8 • (P • a — a • (P • a 8 • (P • a 

8 • 8 

Hence the ray velocity V is perpendicular to (P • a, that is, the 
ray velocity lies in the tangent plane to the ellipsoid at the 
extremity of the radius vector a drawn in the direction of the 
displacement. Equation (17) shows that V is coplanar with 
a and 8. The vectors a, i, (P • a, and V therefore lie in one 
plane. In that plane a is perpendicular to a' ; and v', to (P • a. 
The angle from 8 to v' is equal to the angle from a to •%. 

Making use of the relations already found (8) (9) (11) 
(16) (17), it is easy to show that the two systems of vectors 

a, V, a X v' and • z, 8, {0 •9,)x§ 

are reciprocal systems. If (P • a be replaced by a' the equar 
tions take on the symmetrical form 

8*a = 8*8 = a*a a*a' = l, 

V • a' = v' • v' = a' • a' s • v' = 1, 

a = 8Xa'X8 a' = v'xaxv' (18) 

8 = axv'xa v' = a'x8Xa' 

a • (P • a = 1 a' • (P-^ • a' = 1. 

Thus a dual relation exists between the direction of displace- 
ment, the ray- velocity, and the ellipsoid on the one hand ; 
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and the normal to the ellipsoid, the wave-slowness, and the 
ellipsoid 0"^ on the other. 

146.] It was seen that if s was normal to one of the cir- 
cular sections of the displacement a could take place in any 
direction in the plane of that section. For all directions in 
this plane the wave-slowness had the same direction and the 
same magnitude. Hence the wave-surface has a sing^ular 
plane perpendicular to 8. This plane is tangent to the sur&ce 
along a curve instead of at a single point. Hence if a wave 
travels in the direction s the ray travels along the elements of 
the cone drawn from the center of the wave-surface to this 
curve in which the singular plane touches the surface. The 
two directions s which are normal to the circular sections of 
are called the primary optic axes. These are the axes of equal 
wave velocities but unequal ray velocities. 

In like manner v' being coplanar with a and • a 

10'%7' a] = [a' v'(P-i.a'] = 0. 

The last equation states that if a plane be passed through 
the center of the ellipsoid 0"^ perpendicular to V, then a' 
which is equal to (^ • a will be directed along one of the prin- 
cipal axes of the section. Hence if a ray is to take a definite 
direction a' may have one of two directions. It is more con- 
venient however to regard v' as a vector determining a plane. 
The first equation 

[(P • a v' a] = 

states that a is the radius vector drawn in the ellipsoid to 
the point of tangency of one of the principal elements of the 
cylinder circumscribed about parallel to v' : if by a principal 
element is meant an element passing through the extremities 
of the major or minor axes of orthogonal plane sections 
of that cylinder. Hence given the direction v' of the ray, the 
two possible directions of displacement are those radii vectors 
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of the ellipsoid which lie in the principal planes of the cylin- 
der circumscribed about the ellipsoid parallel to v'. 

If the cylinder is one of the two circular cylinders which 
may be circimiscribed about the direction of displacement 
may be any direction in the plane passed through the center 
of the ellipsoid and containing the common curve of tangency 
of the cylinder with the ellipsoid. The ray-velocity for all 
these directions of displacement has the same direction and 
the same magnitude. It is therefore a line drawn to one 
of the singular points of the wave-surface. At this singular 
point there are an infinite number of tangent planes envelop* 
ing a cone. The wave-velocity may be equal in magnitude 
and direction to the perpendicular drawn from the origin to 
any of these planes. The directions of the axes of the two 
circular cylinders circumscriptible about the ellipsoid are 
the directions of equal ray-velocity but unequal wave-velocity. 
They are the radii drawn to the singular points of the wave- 
surface and are called the secondary optic axes. If a ray 
travels along one of the secondary optic axes the wave planes 
travel along the elements of a cone. 



Variable Dyadics. The Differential and Integral Calcvlus 

147.] Hitherto the dyadics considered have been constant. 
The vectors which entered into their make up and the scalar 
coefficients which occurred in the expansion in nonion form 
have been constants. For the elements of the theory and for 
elementary applications these constant dyadics suffice. The 
introduction of variable dyadics, however, leads to a simplifica- 
tion and unification of the differential and integral calculus of 
vectors, and furthermore variable dyadics become a necessity 
in the more advanced applications — for instance, in the theory 
of the curvature of surfaces and in the dynamics of a rigid 
body one point of which is fixed. 
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Let W be a yeotor function of position in space. Let r be 
the vector drawn from a fixed origin to any point in space. 

Sa; Sy dz 

Hence dW = dr. Ji i^— + j -7^— + k-;r-J. 
^ 5a; ' Sy 9%) 

The expression enclosed in the braces is a dyadic. It thus 
appears that the differential of W is a linear fiinction of dt^ 
the differential change of position. The antecedents are i^ j, k, 
and the consequents the first partial derivatives of W with re- 
spect of x^ y, z. The expression is found in a manner precisely 
ttoalogous to dd and will in fact be denoted by V W. 

VW=i^ + j^ + k^. (1) 

Sx dy dz 

Then dW = rfr.VW. (2) 

This equation is like the one for the differential of a scalar 
function F. 

dr=dr. vr. 

It may be regarded as defining VW. If expanded into 
nonion form VW becomes 

Sx Sx 9x 



*''9?^''97 + )|"97 <'> 



) 



9X 9Y SZ 

dz dz dz 

if w = xi + rj + ^k. 
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The operators V • and V x which were applied to a vector 
function now become superfluous from a purely analytic 
standpoint. For they are nothing more nor less tiian the 
scalar and the vector of the dyadic V W. 

div W = V . W = (V W)^ (4) 

curl W = V X W = (V W)^. (5) 

The analytic advantages of the introduction of the variable 
dyadic VW are therefore these. In the first place the oper- 
ator V may be applied to a vector function just as to a scalar 
function. In the second place the two operators V • and V x 
are reduced to positions as functions of the dyadic VW. On 
the other hand from the standpoint of physics nothing is to 
be gained and indeed much may be lost if the important in- 
terpretations of V -W and V x W as the divergence and curl 
of W be forgotten and their places taken by the analytic idea 
of the scalar and vector of V W. 

If the vector function W be the derivative of a scalar 
function V, 

dW = dVF=dr. VVr, 
where VVr=ii^ + ij x-^ + ik^-^, 

Q^y g2jr p2jr 

+ ji^^- + jj j-7 + Jk5-4-, (6) 

dy dx dy^ dy dz 

% S^Y p2jr Q2Y 

+ k / ^-^ + k j ^-^ + k k ^. 
dzdx dzdy dz^ 

The result of applying V twice to a scalar function is seen to 
be a dyadic. This dyadic is self-conjugate. Its vector V X V F* 
is zero ; its scalar V • V Fis evidently 

9^V 9^V 9^V 
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If an attempt were made to apply the operator V symboli- 
cally to a scalar fimction V three times, the result would be a 
sum of twenty-seven terms like 

gzjr szjr 

dx^ dxdydz 

This is a triadic. Three vectors are placed in juxtaposition 
without any sign of multiplication* Such expressions will 
not be discussed here. In a similar manner if the operator V 
be applied twice to a vector function, or once to a dyadic func- 
tion of position in space, the result will be a triadic and hence 
outside the limits set to the discussion here. The operators 
V X and V • may however be applied to a dyadic to yield 
respectively a dyadic and a vector. 

9 9 9 

9 9 9 

V.<P = i.3l- + j.^+k.J5^. (8) 

dx * dy 9z ^ ^ 

If ^ = 11 i + v j + w k, 

where n, y, w are vector functions of position in space, 

Vx(i> = Vxiii + Vxvj + Vxwk, (Tf 

and V.^ = V.iii + V.vj + V.wk. (8/ 

Or if <P = i n + j v + k w, 

— (57-'r:)-<r:-l-:)-(f^-l;)<"" 

and v.<P=-? + ^ + l!^. (8)" 

9x 9y dz 

In a similar manner the scalar operators (a • V) and (V • V) 
may be applied to 0. The result is in each case a dyadic. 



VARIABLE DYADICS 407 

9 9 9 
(a.V)<P = a,^ + a,^+«3 3^. (9) 

The operators a • V and V • V as applied to vector func- 
tions are no longer necessarily to be regarded as single oper- 
ators. The individual steps may be carried out by means of 
the dyadic VW. 

(a . V) W = a . (V W) = a • V W, 

(V . V) W = V . (V W) = V . V W. 

But when applied to a dyadic the operators cannot be inter- 
preted as made up of two successive steps without making use 
of the triadic V 0. The parentheses however may be removed 
without danger of confusion just as they were removed in 
case of a vector function before the introduction of the dyadic. 
Formulse similar to those upon page 176 may be given for 
differentiating products in the case that the differentiation 
lead to dyadics. 

V (uv) = Vuv + u Vv, 

V(vxw)=Vvxw — Vwxv, 

Vx (vxw)=wVv — V-vw — v»Vw + V*wv, 

V (▼ • w) = V V • w + V w V, 

V • (vw) = V»vw + v»Vw. 
V X (▼ w) = Vxvw — vxVw, 

V • (tt (i>) = V tt • + u'7 • 0^ 
VxVx = W • 0--^ •V 0,eic. 

The principle in these and all similar cases is that enun- 
ciated before, namely : The operator V may be treated sym- 
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bolically as a Tector. The diffeienfiatioiis niiich it hnplifm 
must be carried cmt in turn upon each factor of a product 
to which it is apj^ied. Thus 

V X (vw) = [V X (¥1^)],+ [V X (TW)]^ 

[Vx (▼w)]w = Vxvw, 
[V X (▼ w)]^ = - [t x V w]t = — ▼ X V w. 
Hence V x (t w) = V x tw — t x V w. 

Again V (T X w) = [V (V X w)]. + [V (▼ x w)]^ 
[V (v X w)]w = V V X w, 
[V (▼ X w)]^ = [- V (w X ▼)] ^ = - V w x T. 
Hence V(vxw) = Vtxw — vwxv. 

148.] It was seen (Art 79) that if C denote an arc of a 
cnrve of which the initial point is r^ and the final point is r 
the line iategral of the derivatiYe of a scalar function taken 
along the curve is equal to the difference between the values 
of that function at r and r,. 

Jdr. vr=r(r)-F(ro). 
In like manner fdr . VW = W(r) - W(ro), 

and fdfVW = 0. 

Jo 

It may be well to note that the integrals 

fdr.VW and fvw • dr 

are by no means the same thing. VW is a dyadic. The 
vector dr cannot be placed arbitrarily upon either side of it. 
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Owing to the fundamental equation (2) the differential dr 
necessarily precedes VW. The differentials must be written 
before the integrands in most cases. For the sake of uni- 
formity they always will be so placed. 

Passing to surface integrals, the following formulse, some 
of which have been given before and some of which are new, 
may be mentioned. 

rr^ax VF= frfr F 
ffdtL X V W = f ^r W 
rrda.VxW= idvW 

j j dek*V X 0= fdf0. 

The line integrals are taken over the complete bounding curve 
of the surface over which the sur&ce integrals are taken. In 
like manner the following relations exist between volume and 
surface integrals. 

fffa. VW = //.a W 

fffdvVx0^ffd.>,<P. 



i 
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The snrface integrals are taken over the complete boimdmg 
surface of the region throughout which the volume integrals 
are taken. 

Numerous formulse of integration by parts like those upon 
page 260 might be added. The reader will find no difficulty in 
obtaining them for himself. The integrating operators may 
also be extended to other cases. To the potentials of scalar 
and vector functions the potential. Pot (P, of a dyadic may be 
added. The Newtonian of a vector function and the Laplfr- 
cian and Maxwellian of dyadics may be defined. 

The analytic theory of these integrals may be developed as 
before. The most natural way in which the demonstrations 
may be given is by considering the vector function W as the 
sum of its components, 

W = Xi+ Ti + Zk 

and the dyadic as expressed with the constant consequents 
i, j, k and variable antecedents u, ▼, w, or vice vernct^ 

= u i + v j + w k. 

These matters will be left at this point The object of en- 
tering upon them at all was to indicate the natural extensions 
which occur when variable dyadics are considered. These ex- 
tensions differ so slightly from the simple cases which have 
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gone before that it is &r better to leave the details to be worked 
out or assumed from analogy whenever they may be needed 
rather than to attempt to develop them in advance. It is suffi- 
cient merely to mention what the extensions are and how they 
maybe treated. 

The Curvature of Surfciees'^ 

148. ] There are two different methods of treating the cur- 
vature of surfaces. In one the surface is expressed in para- 
metic form by three equations 

or r = f (tt, v). 

This is analogous to the method followed (Art. 57) in dealing 
with curvature and torsion of curves and it is the method 
employed by Fehr in the book to which reference was made. 
In the second method the surface is expressed by a single 
equation connecting the variables x, y, « — thus 

F(x,y,z) = Q. 

The latter method of treatments affords a simple application of 
the differential calculus of variable dyadics. Moreover, the 
dyadics lead naturally to the most important results connected 
with the elementary theory of surfaces. 

Let r be a radius vector drawn from an arbitrary fixed 
origin to a variable point of the surface. The increment d r 
lies in the surface or in the tangent plane drawn to the surface 
at the terminus of r. 

dF=dfVF=0. 

Hence the derivative Vi^is coUinear with the normal to the 
surface. Moreover, inasmuch as F and the negative of F when 

1 Mnch of what foQoWs is pncticallj free from the use of djadict. This is 
especially trae of the treatment of geodetics. Arts. 155-157. 
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equated to zeio give the same geometric surface, V Fm&j be 
considered as the normal upon either side of the surfaca la 
case the surface belongs to the family defined by 

^(«» y? «) = const. 

the normal V jPlies upon that side upon which the constant 
increases. Let V F he represented by V the magnitude of 
which may be denoted by N^ and let n be a unit normal drawn 
in the direction of V. Then 

H.H = i\r« = VJ'. V-P, (1) 

If s is the vector drawn to any point in the tangent plane at 
the terminus of r, •— r and n are perpendicular. Consequently 
the equation of the tangent plane is 

(•-r). V^=0. 
and in like manner the equation of the normal line is 

(•-r)x V^=0, 

or • = r + *V-P 

where £ is a variable parameter. These equations may be 
translated into Cartesian form and give the familiar resulta 

150.] The variation dn of the unit normal to a surface 
plays an important part in the theory of curvature, dn is 
perpendicular to n because n is a unit vector. 

ir 

dn = ^^VF+^dVF, 
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N N^ 

The dyadic I — nn is an idemf actor for all vectors perpen- 
dicular to n and an annihilator for vectors parallel to n. 
Hence 

dm • (I — nn) = dn, 

and VjF. (I-nn) =0, 

dn^d(^'7 f\=^V F d^-\-\-d^ F. 
\N J N N 

Hence dn = — dr-VVJ^-CI- nn). 

But dr = dr • (I — nn). 

Henoe ^, = ,, a-.)-VVi-.(I-..). _ 



N 


y^. 


(I-nn) . VV J'.(I-nn) 


(8) 


N 


dn = df 0. 


(4) 



Let 

Then 

In the vicinity of any point upon a surface the variation c2n of 
the unit normal is a linear function of the variation of the 
nulius vector r. 

The dyadic (P is self-conjugate. For 

iVT ^ ^ = (I - n n)^ . ( VV J^ ^ . (I - n n) ^. 

Evidently (I-nn)^= (I-nn) and by (6) Art 147 VV2?' 
is self-conjugate. Hence 0c ^ e<l^ to (P. When applied to 
a vector parallel to n, the dyadic produces zero. It is there- 
fore planar and in &ct uniplanar because self-conjugate. The 
antecedents and the consequents lie in the tangent plane to 
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the surface. It is possible (Art. 116) to reduce to the 
foim 

^ = a i'i' + i j'j' (5) 

where i' and j' are two perpendicular unit vectors lying in the 
tangent plane and a and h are positive or negative scaJars. 

dn = ir.(a i'i' + i j'jO. 

The vectors i', j' and the scalars a, h y2jj from point to point 
of the surface. The dyadic is variable. 

151.] The conic r • ^ • r = 1 is called the indicatrix of the 
surface at the point in question. If this conic is an ellipse, 
that is, if a and h have the same sign, the surface is convex at 
the point; but if the conic is an hyperbola, that is, if a and h 
have opposite signs the surface is concavo-convex. The curve 
r • <P • r = 1 may be regarded as approximately equal to the 
intersection of the surface with a plane drawn parallel to the 
tangent plane and near to it. If r • (P • r be set equal to zero 
the result is a pair of straight lines. These are the asymp- 
totes of the conic. If they are real the conic is an hyperbola ; 
if imaginary, an ellipse. Two directions on the surface which 
are parallel to conjugate diameters of the conic are called con- 
jugate directions. The directions on the surface which coin- 
cide with the directions of the principal axes i', j' of the 
indicatrix are known as the principal directions. They are a 
special case of conjugate directions. The directions upon the 
surface which coincide with the directions of the asymptotes 
of the indicatrix are known as asymptotic directions. In case 
the surface is convex, the indicatrix is an ellipse and the 
asymptotic directions are imaginary. 

In special cases the dyadic may be such that the coeffi- 
cients a and h are equal. may then be reduced to the 

form 

^ = a(i'i'+j'j') (5y 
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in an infinite number of ways. The directions i' and j' may be 
any two perpendicular directions. The indicatrix becomes a 
circle. Any pair of perpendicular diameters of this circle 
give principal directions upon the surface. Such a point is 
called an umbUic. The surface in the neighborhood of an 
umbilic is convex. The asymptotic directions are imaginary. 
In another special case the dyadic CP becomes linear and redu- 
cible to the form = a H i'. (5)" 

The indicatrix consists of a pair of parallel lines perpendicular 
to i'. Such a point is called a parabolic point of the surface. 
The further discussion of these and other special cases will be 
omitted. 

The quadric surfaces afford examples of the various kinds 
of points. The ellipsoid and the hyperboloid of two sheets 
are convex. The indicatrix of points upon them is an ellipse. 
The hyperboloid of one sheet is concavo-convex. The in- 
dicatrix of points upon it is an hyperbola. The indicatrix 
of any point upon a sphere \& a circle. The points are all 
umbilics. The indicatrix of any point upon a cone or cylinder 
is a pair of parallel lines. The points are parabolic. A sur- 
face in general may have upon it points of all types — elliptic, 
hyperbolic, parabolic, and umbilical. 

152.] A line of principal curvature upon a surface is a 
curve which has at each point the direction of one of the prin- 
cipal axes of the indicatrix. The direction of the curve at a 
point is always one of the principal directions on the surface at 
that point. Through any given point upon a surface two per- 
pendicular lines of principal curvature pass. Thus the lines 
of curvature divide the surface into a system of infinitesi- 
mal rectangles. An asymptotic line upon a surface is a curve 
which has at each point the direction of the asymptotes of the 
indicatrix. The direction of the curve at a point is always 
one of the asymptotic directions upon the surface. Through 
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any giyen point of a sor&ce two asymptotic lines pass. These 
lines are imaginary if the sor&ce is convex. Even when real 
they do not in graieial intersect at right angles. Hie ai^;le 
between the two asjrmptotic lines at any pcnnt is bisected by 
the lines of carvature which pass through that point 

The necessary and sufficient condition that a curve upon a 
surface be a line of principal curvature is that as one advances 
along that curve, the increment of diL, the unit nonnal to the 
surface is parallel to the line of advance. For 

dn=*.dr=(a rr + & fj^-dr 
dx^x r + yj'. 

Then evidently cZn and dr are paraTlel when and only when 
c{ r is parallel to i' or j'. The statement is therefore proved. 
It is frequently taken as the definition of lines of curvature. 
The differential equation of a line of curvature is 

dny.dx = Q. (6) 

Another method of statement is that the normal to the surface, 
the increment dn of the normal, and the element dx of the 
surface lie in one plane vdien and only vdien the element d x 
is an element of a line of principal curvature. The differential 
equation then beccnnes 

[■ dn rfr] = 0. (7) 

The necessary and sufficient condition that a curve \sfon a 
surface be an asymptotic line, is that as one advances aloi^ 
that curve Uie increment of the unit nonnal to the surface is 
peip^idicular to the line of advance. For 

dn=^dx* 
dm • dx = dx • • dx. 

If then d'u.* dxiA zero dx • • dxia zero. Hence cZr is an 
aqrmptotic direction. The statement is therefore proved. It 
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is frequently taken as the definition of asymptotic lines* The 
differential equation of an asymptotic line is 

rfn.dr = 0. (8) 

153.] Let P be a giyen point upon a surface and n the 
normal to the surface at P. Pass a plane p through n. This 
plane p is normal to the surface and cuts out a plane section. 
Consider the curvature of this plane section at the point P. 
Let n' be normal to the plane section in the plane of the 
section, n' coincides with n at the point P. But unless the 
plane p cuts the sur&ce everywhere orthogonally, the normal 
n' to the plane section and the normal n to the sur&ce will not 
coincide, d n and d n' will also be different The curvature 
of the plane section lying in |9 is (Art. 57). 

rft_rf»r 
ds" d 8^ 

As far as numerical value is concerned the increment of the 
unit tangent t and the increment of the unit normal n' are 
equaL Moreover, the quotient oi drhj ds ia sl unit vector 
in the direction of d n'. Consequently the scalar value of C is 

__dn' dr ^dn' •dr 
"^ ds d 8~~ ds^ 

By hypothesis n = n' at P and n«rfr = n'«dr = 0, 
d(n • dt) = dn • rfr + n • d2r = 0, 
d(p! • dr) =rfn'. di + n' • d^T=0. 

Hence d n • rf r + n • d^ r = rf n' • rf r + n' • d^ r. 

Since n and n' are equal at P, 

dn • dx=^dv! • dr. 

^ dn*dT dx • • dr dT*0*dt .^. 

Hence C= , ^ = t-« = —i -^ — (9) 

ds^ ds^ dx • dx ^ ^ 

27 
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dr • di dt • dx 
Hence (7 = a cos^ (i', dx) + h cos^ (j', rfr), 
or (7= a cos2 (i', rfr) + h sm^ (i\ dx). (10) 

The interpTetation of this formula for the curvature of a 
normal section is as follows : When the plane p turns about 
the nonnal to the surface from i' to j', the curvature C of the 
plane section varies from the value a when the plane passes 
through the principal direction i', to the value I when it 
passes through the other principal direction j '• The values 
of the curvature have algebraically a maximum and minimum 
in the directions of the principal lines of curvature. If a and 
h have unlike signs, that is, if the sur&ce is concavo-convex 
at P, there exist two directions for which the curvature of a 
normal section vanishes. These are the asymptotic directions. 

154.] The sum of the curvatures in two normal sections 
at right angles to one another is constant and independent of 
the actual position of those sections. For the curvature in 
one section is 

(7i = a COS* (i', dx) + I sin* (1', rfr), 

and in the section at right angles to this 

C, = a sin* (i; dx) + 6 cos* (i', dx). 
Hence (7^ + C^ = a + J = <P^ (11) 

which proves the statement. 

It is easy to show that the invariant 0^^ ^ equal to the pro- 
duct of the curvatures a and I of the lines of principal curv- 
ature. 

Hence the equation a* — ^^ a; + 0^8 = 
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is the quadratic equation which detennines the principal curv- 
atures a and I at any point of the sur&ce. By means of this 
equation the scalar quantities a and I amy be found in ternis 
of F (Xf y, z). 

(I-nn) * VVig^> (I-nn) 
N 

WF—inn* WF+nn* WF^nn 

N 

(nn* VVjF«nn)^ = (nii. nn* VVi^)^= (nn* VVjF)^ 
Hence ^^ ^ (V^._ O^I^ZL* 

(VVi!')a = V.VJ', 
(nn . VVl')5 = nn: VVJ'=ii . VV J*, n. 

Hence ^« = —jf^ ^ (18) 

or ^* = — !5r jv» (18> 

These expressions may be written out in Cartesian coordinates, 
but they are extremely long. The Cartesian expressions for 
0^g are even longer. The vector expression may be obtained 
as follows: 



Hence 



(I — nn)2 = nn. 



VF.(yVF)^.VF _ VFVFz(yVF), 

155.] Given any curve upon a surface. Let t be a unit 
tangent to the curve, n a unit normal to the surface and m a 
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vector defined as n x t. The three vectors n, t, m constitute 
an i, j, k system. The vector t is parallel to the element d r. 
Hence the condition for a line of curvature becomes 

t X i n = 0. (16) 

Hence m • d n=:0 

d (m*n)=^0=:m* dn + n» dm. 
Hence n«diii = 0. 

Moreover m* dm = 0. 

Hence t x rf m = 0, (16) 

or dmxdn=:0. (16y 

The increments of m and of n and of r are all parallel in case of 
a line of principal curvature. 

A geodetic line upon a surface is a curve whose osculating 
plane at each point is perpendicular to the surface. That the 
geodetic line is the shortest line which can be drawn between 
two points upon a surface may be seen from the following 
considerations of mechanics. Let the surface be smooth and 
let a smooth elastic string which is constrained to lie in the 
surface be stretched between any two points of it. The string 
acting under its own tensions will take a position of equili- 
brium along the shortest curve which can be drawn upon the 
surface between the two given points. Inasmuch as the 
string is at rest upon the surface the normal reactions of the 
surface must lie in the osculating plane of the curve. Hence 
that plane is normal to the surface at every point of the curve 
and the curve itself is a geodetic line. 

The vectors t and e2 1 lie in the osculating plane and deter- 
mine that plane. In case the curve is a geodetic, the normal 
to the osculating plane lies in the sur&ce and consequently is 
perpendicular to the normal n. Hence 
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n • t X d t = 0, 

n X t . d t = (17) 

or m • (Z t = 0, 

The diiTerential equation of a geodetic line is therefore 

[n dx rfar]=0. (18) 

UnKke the difPerential equations of the lines of curvature 
and the asymptotic line, this equation is of the second order. 
The surface is therefore covered over with a doubly infinite 
system of geodetics. Through any two points of the surface 
one geodetic may be drawn. 

As one advances along any curve upon a surface there is 
necessarily some turning up and down, that is, around the 
axis m, due to the fact that the surface is curved. There may 
or may not be any turning to the right or left. K one advances 
along a curve such that there is no turning to the right or 
lefti but only the unavoidable turning up and down, it is to be 
expected that the advance is along the shortest possible route 
— that is, along a geodetic. Such is in fact the case. The 
total amount of deviation from a straight line is (2 1. Since n, 
t, m form an i, j, k system 

I = tt + nn + mm. 
Hence (2t = tt*(2t + nn*(2t + mm*e2t. 

Since t is a unit vector the first term vanishes. The second 
term represents the amount of turning up and down; the 
third term, the amount to the right or left Hence m • (2t is 
the proper measure of this part of the deviation from a 
straightest line. In case the curve is a geodetic this term 
vanishes as was expected. 

156.] A curve or surface may be mapped upon a unit 
sphere by the method of parallel normals. A fixed origin is 
assumed, from which the unit normal n at the point P of a 



? 
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given surface is laid off. The terminus P^ of this normal lies 
upon the surface of a sphere. If the normals to a surface at all 
points Pof a curve are thus constructed from the same origin, 
the points P' will trace a curve upon the surface of a unit 
sphere. This curve is called the spherical image of the given 
curve. In like manner a whole region T of the surface may 
be mapped upon a region J" the sphere. The region J" upon 
the sphere has been called the hodogram of the region T upon 
the surface. If <2r be an element of arc upon the siurface the 
corresponding element upon the unit sphere is 

dn= • dr. 

If (2 a be an element of area upon the surface, the corre- 
sponding element upon the sphere is (2 a' where (Art 124). 

da'= ^j • rfa. 

^ = a ri' + i j'j' 

iP^ = ah i'xj' i'xj' = a6 nn. 

Hence dtJ = ah nn • d^L. (19) 

The ratio of an element of surface at a point P to the area of 
its hodogram is equal to the product of the principal radii of 
curvature at P or to the reciprocal of the product of the prin- 
cipal curvatures at P. 

It was seen that the measure of turning to the right or left 
is m • (2t If then G is any curve drawn upon a surface the 
total amount of turning in advancing along the curve is the 
integraL 

Cm^dt. (20) 

For any closed curve this integral may be evaluated in a 
manner analogous to that employed (page 190) in the proof 
of Stokes's theorem. Consider two curves and C near 
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together. The variation which the integral undergoes when 
the curve of integration is changed from C^ to C7' is 

S fvfdt. 

S fm*dt= f&(m*dt)= fSm*dt+ Cm^Sdt 

d (m • Bt) = dm • St + m • d St 

S fm*dt= f Sm^dt- fdm* St+ fd(m* St> 

The integral of the perfect differential d (m* St') vanishes 
when taken around a closed curve. Hence 

S j m*dt= j Sm* dt— j dm* St 

The idemfactor is I = tt + nn + mm, 

Sm • dt =^ Sm • I • dt = Sm»JiJi*dtj 

toTt*dt and S m • m vanish. A similar transformation maj 
be effected upon the term dm* St Then 

S j m*(2t== /(Sm*n n» dt — dm^n n*St). 

By differentiating the relations m • n = and n • t = it is 
seen that 

Sm • n = — m • Sn n • St^ — Sn* t 

dm* n = — m* dn n«dt = — dn • t 
Hence S fm • dt= I (m • Sn t*dn — m*dn t • Sn) 

S / m • dt= I (m X t • Sn X dn) =— / n • 8n X rfn. 
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The diffeiential Snx dn represents the element of area in 
the hodogram upon the unit sphere. The integral 



/ n • Sn X dn= j n* dtJ 



represents the total area of the hodogram of the strip of 
sur&ce which lies between the curves G and C. Let the 
curve C start at a point upon the surface and spread out to 
any desired size. The total amount of turning which is re- 
quired in making an infinitesimal circuit about the point is 
2 IT. The total variation in the integral is 

f S Cm* dt=^ C m*dt'-2ir. 

//n.rfa' = ^, (21) 

But if H denote the total area of the hodogram. 
Hence / m«dt = 27r — JT, 

or ^=:2 7r- Tm-dt, (22) 

or ff+ I m* dt = 2ir. 

The area of the hodogram of the region enclosed by any 
closed curve plus the total amount of turning along that curve 
is equal to 2 tt. If the sur&ce in question is convex the area 
upon the sphere will appear positive when the curve upon the 
surface is so described that the enclosed area appears positive. 
K, however, the surface is concavo-convex the area upon the 
sphere will appear negative. This matter of the sign of the 
hodogram must be taken into account in the statement made 
above. 
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157.] If the closed curve is a polygon whose sides are 
geodetic lines the amount of turning along each side is zero. 
The total turning is therefore equal to the sum of the exterior 
angles of the polygon. The statement becomes : the sum of 
the exterior angles of a geodetic polygon and of the area of 
the hodogram of that polygon (taking account of sign) is 
equal to 2 tt. Suppose that the polygon reduces to a triangle. 
If the surface is convex the area of the hodogram is positive 
and the sum of the exterior angles of the triangle is less than 
27r. The sum of the interior angles is therefore greater than 
TT. The sphere or ellipsoid is an example of such a surface. 
If the surface is concavo-convex the area of the hodogram is 
negative. The sum of the interior angles of a triangle is in 
this case less than tt. Such a surface is the h3rperboloid of one 
sheet or the pseudosphere. There is an inteimediate case in 
which the hodogram of any geodetic triangle is traced twice in 
opposite directions and hence the total area is zero. The sum 
of the interior angles of a triangle upon such a surface is equal 
to TT. Examples of this surface are afforded by the cylinder, 
cone, and plane. 

A surface is said to be developed when it is so deformed that 
lines upon the surface retain their lengtL Greodetics remain 
geodetics. One surface is said to be developable or applicable 
upon another when it can be so deformed as to coincide with 
the other without altering the lengths of lines. Geodetics 
upon one surface are changed into geodetics upon the other. 
The sum of the angles of any geodetic triangle remain un- 
changed by the process of developing. From this it follows 
that the total amount of turning along any curve or the area 
of the hodogram of any portion of a surface are also invariant 
of the process of developing. 
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Harrrwnic Vibrations and Biveetors 

158.] The differential equation of rectilinear harmonic 
motion is 

= — 71* X, 

The integral of this equation may be reduced by a suitable 
choice of the constants to the form 

x=:A sinni. 

This represents a vibration back and forth along the X-axis 
about the point x = 0. Let the displacement be denoted by 
D in place of x. The equation may be written 

D = i ^ sin n t. 
Consider D = i ^ sin n ^ cos m x. 

This is a displacement not merely near the point x = 

2 k IT 
but along the entire axis of x. At points x = , where 

A; is a positive or negative integer, the displacement is at all 
times equal to zero. The equation represents a stationary 
wave with nodes at these points. At points midway between 
these the wave has points of maximum vibration. If the 
equation be regarded as in three variables x^ y^ z it repre- 
sents a plane wave the plane of which is perpendicular to 
the axis of the variable x. 

The displacement given by the equation 

Di = i AiCOB (mx — nty (1) 

is likewise a plane wave perpendicular to the axis of x but 
not stationary. The vibration is harmonic and advances 
along the direction i with a velocity equal to the quotient of 
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n by m. If i? be the velocity ; p the period ; and / the wave 
length, 

n 2 IT , 2 TT ^ ,^>x 

^ = -, i? = — , / = — , V = -. (2) 

771 71 771 2^ 

The displacement 

Djssj -4^1 cos (77iaJ — 7l<) 

differs from D^ in the particular that the displacement takes 
place in the direction j, not in the direction i. The wave as 
before proceeds in the direction of x with the same velocity. 
This vibration is transverse instead of longitudinal. By a 
simple extension it is seen that 

D = A cos (771 a; — 71 

is a displacement in the direction A. The wave advances 
along the direction of x. Hence the vibration is oblique to 
the wave-front. A still more general form may be obtained 
by substituting m • r f or 771 a?. Then 

D = A cos (m • r — 7» 0* (3) 

This is a displacement in the direction A. The maximum 
amount of that displacement is the magnitude of A. The 
wave advances in the direction m oblique to the displace- 
ment; the velocity, period, and wave-length are as before. 
So much for rectilinear harmonic motion. Elliptic har- 
monic motion may be defined by the equation (p. 117). 

d^ = -^'- 

The general integral is obtained as 

r = A cos 71 ^ + B sin 71 ^. 

The discussion of waves may be carried through as pre- 
viously. The general wave of elliptic harmonic motion 
advancing in the direction m is seen to be 
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D = A COS (m • r — n ^) — B sin (m • r — n Q. (4) 

dJ) { ) ^ 

-r- = n j A sin (m • r — n ^) + B cos (m • r — n \ (y) 

is the velocity of the displaced point at any moment in the 
ellipse in which it vibrates. This is of course entirely differ- 
ent from the velocity of the wave. 

An interesting result is obtained by adding up the dis- 
placement and the velocity multiplied by the imaginary 
unit V — 1 and divided by n. 

V^d'D 
D H -— = A cos (m • r — n — B sin (m • r — 71 Q 

" '^^ (6) 

+ V — l j A sin (m • r — n ^) + B COS (m • r — 71 }• 



The expression here obtained, as far as its form is concerned, 
is an imaginary vector. It is the sum of two real vectors of 
which one has been multiplied by the imaginary scalar V — 1. 
Such a vector is called a bivector or imaginary vector. The 
ordinary imaginary scalars may be called biscalars. The use 
of bivectors is found very convenient in the discussion of 
elliptic harmonic motion. Indeed any undamped elliptic har- 
monic plane wave may be represented as above by the pro- 
duct of a bivector and an exponential factor. The real part 
of the product gives the displacement of any point and the 
pure imaginary part gives the velocity of displacement 
divided by n. 

159.] The analytic theory of bivectors differs from that of 
real vectors very much as the analytic theory of biscalars 
differs from that of real scalars. It is unnecessary to have 
any distinguishing character for bivectors just as it is need- 
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less to have a distrngtushing notation for biscalars. The bi- 
vector may be regarded as a natural and inevitable extension 
of the real vector. It is the formal sum of two real vectors 
of which one has been multiplied by the imaginary unit V— !• 
The usual symbol i wiU be maintained for V — !• There is 
not much likelihood of confusion with the vector i for the 
reason that the two could hardly be used in the same place 
and for the further reason that the Italic % and the Clarendon 
i differ considerably in appearance. Whenever it becomes 
especially convenient to have a separate alphabet for bivec- 
tors the small Greek or German letters may be called upon. 
A bivector may be expressed in terms of i, j, k with com* 
plex coefficients. 

If r = Tj + < Tj 

and Ti = »i i + ^1 j + «i k, 

T^^x^l + y^i + z^ky 

r = («i + * «a) i + Oi + *>a) i + («i + * ^2) k, 
or r = a;i + yj + «k. 

Two bivectors are equal when their real and their imaginary 
parts are equal Two bivectors are parallel when one is the 
product of the other by a scalar (real or imaginary). If 
a bivector is parallel to a real vector it is said to have a real 
direction. In other cases it has a complex or imaginary 
direction. The value of the sum, difference, direct, skew, 
and indeterminate products of two bivectors is obvious with- 
out special definition. These statements may be put into 
analytic form as follows. 

Let r = Tj + f Fg and s = Sj^ + t s^. 

Then if r = s, '1 = ^i and r, = s, 

if r II 8 r = a; 8 = (a?! + » ajj) 8, 
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r . 8 = (ii . 81 - Tj . 8,) + % (rj • 8j + r, . i^), 

r X i = (ri X 81 — r, X 8,) + 1 (r^ x 8, + r, x i^) 

r8 = (ri ii + r, i,) + % (r^ 8, + r, 8i), 

Two bivectors or biscalara are said to be conjugate when 
tiieir leal parts are equal and their pure imaginaiy parts 
differ only in sign. The conjugate of a real scalar or vector 
is equal to the scalar or vector itself. The conjugate of any 
sort of product of bivectors and biscalars is equal to the pro- 
duct of the conjugates taken in the same order. A similar 
statement may be made concerning sums and differences. 

('i + * Ta) • (rj - i Tj) = Tj . Tj + r, • r„ 

('i + * 'a) X (rj - i Tj) = 2 i Tj X r^ 

(ri + i Ta) (rj - » r,) = (r^ ri + r^ r,) + i (r^ r^ - ij r,). 

If the bivector r = r^ + 1 r, be multiplied by a root of unity 
or cyclic factor as it is frequently called, that is, by an imagi- 
nary scalar of the form 

008; + i8in;sa + t&, (7) 

where a« + J« = 1, 

the conjugate is multiplied by a — « h, and hence the four 
products 

r,T, + r,T,, rjXr,, rir, + r,r,, rjri-rirj 

are unaltered by multiplying the bivector r by such a &ctor. 
Thus if 

r' = r/ + % T^' = (a + 1 6) (r, + t r,), 

r/ • r/ + r,' • r,' =: Tj • r^ + r, • r,, etc 



HARMONIC VIBRATIONS AND BIVECTORS 481 

160.] A closer examination of the effect of multiplying a 
bivector by a cyclic factor yields interesting and important 
geometric results. Let 

ri' + i r,' = (cos q + i sin q) (r^ + i r,). (8) 

Then r^' = r^ cos j — r^ sin j, 

T^ = Tj cos 2 + Tj sin q. 

By reference to Art. 129 it will be seen that the change pro- 
duced in the real and imaginary vector parts of a bivector by 
multiplication with a cyclic factor, is precisely the same as 
would be produced upon those vectois by a cyclic dyadic 

(P = aa' + cos J (hV + c cO - fiin ^ (o V - be') 

used as a prefactor. b and o are supposed to be two vectors 
collinear respectively with r^ and r,. a is any vector not in 
their plane. Consider the ellipse of which r^ and r, are a 
pair of conjugate semi-diameters. It then appears that r/ 
and r,' are also a pair of conjugate semi-diameters of that 
ellipse. They are rotated in the ellipse from r^ toward Tj, by 
a sectqr of which the area is to the area of the whole ellipse 
as ; is to 2 TT. Such a change of position has been called an 
elliptio rotation through the sector q. 

The ellipse of which r^ and r, are a pair of conjugate semi- 
diameters is called the directional eUipae of the bivector r. 
When the bivector has a real direction the directional ellipse 
reduces to a right line in that direction. When the bivector 
has a complex direction the ellipse is a true ellipse. The 
angular direction from the real part r^ to the complex part r, 
is considered as the positive direction in the directional 
ellipse, and must always be known. If the real and imagi- 
nary parts of a bivector turn in the positive direction in the 
ellix)se they are said to be advanced ; if in the negative direc- 
tion they are said to be retarded. Hence multiplication of a 
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hivector by a cyclic factor retards it in its directional ellipse by 
a sector equal to the angle of the cyclic factor. 

It is always possible to multiply a bivector by such a cyclic 
factor that the real and imaginary parts become coincident 
with the axes of the ellipse and are perpendicular. 

r = (cos J + t sin q) (a + i b) where a • b = 0. 
To accomplish the reduction proceed as follows : Form 

r • r = (cos 2 J + t sin 2 j) (a + i b) • (a + t b). 
Ifa.b = 0, 

r • r = (cos 2 J + t sin 2 j) (a • a — b • b). 
Let r • r = a + i J, 

and tan 2 g^ = .. 

^ a 

With this value of q the axes of the directional ellipse are 
given by the equation 

a + i b = (cos J — i sin q) r. 

In case the real and imaginary parts a and b of a bivector 
are equal in magnitude and perpendicular in direction both a 
and b in the expression f or r • r vamsh. Hence the angle 
q is indeterminate. The directional ellipse is a circle. A 
bivector whose directional ellipse is a circle is called a eirevr- 
lar bivector. The necessary and sufficient condition that a 
non-vanishing bivector r be circular is 

r • r = Oy r circular. 

If r = »i + yj + «k, 

r . r = «* + y^ + «? = 0. 

The condition r • r = 0, which for real vectors implies r = 0, 
is not sufficient to ensure the vanishing of a bivector. The 
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bivector is circular, not necessarily zero. The condition that 
a bivector vanish is that the direct product of it by its con- 
jugate vanishes. 

(ri + * Ta) • ('i - * 'a) = r^ • Tj + r, • r, = 0, 
then Tj = Tj = and r = 0. 

In case the bivector has a real direction it becomes equal to 
its conjugate and their product becomes equal to r • r. 

161.] The condition that two bivectors be parallel is that 
one is the product of the other by a scalar factor. Any hi- 
scalar factor may be expressed as the product of a cyclic 
factor and a positive scalar, the modulus of the biscalar. If 
two bivectors differ by only a cyclic factor their directional 
ellipses are the same. Hence two parallel vectors have their 
directional ellipse similar and similarly placed — the ratio of 
similitude being the modulus of the biscalar. It is evident 
that any two circular bivectors whose planes coincide are 
parallel. A circular vector and a non-circular vector cannot 
be parallel. 

The condition that two bivectors be perpendicular 

is r • I = 0, 

or Ti • §1 — Tj • Sj = 'i • •2 + '2 • "i = 0. 

Consider first the case in which the planes of the bivectors 
coincide. Let 

r = a (ri + i r,), s = J (s^ + t g,). 

The scalars a and h are biscalars. r^ may be chosen perpen- 
dicular to r2, and %^ may be taken in the direction of rj* The 
condition r • s = then gives 

r^ • 8^ = and r^ • s, + '2 * h =" 0* 

28 
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The first equation shows that r, and 82 ^^^ perpendicular and 
hence i^ and g, are perpendicular. Moreover, the second 
shows that the angular directions from r^ to r, and from %^ to 
8, are the same, and that the axes of the directional ellipses 
of r and s are proportional. 

Hence the conditions for perpendicularity of two bivectors 
whose planes coincide are that their directional ellipses are 
similar, the angular direction in both is the same, and the 
major axes of the ellipses are perpendicular.^ If both vectors 
have real directions the conditions degenerate into the per- 
pendicularity of those directions. The conditions therefore 
hold for real as well as for imaginary vectors. 

Let r and s be two perpendicular bivectors the planes of 
which do not coincide. Resolve r^ and r, each into two com- 
ponents respectively parallel and perpendicular to the plane 
of 8. The components perpendicular to that plane contribute 
nothing to the value of r • 8. Hence the components of r^ 
and r, parallel to the plane of 8 form a bivector r' which is 
perpendicular to 8. To this bivector and 8 the conditions 
stated above apply. The directional ellipse of the bivector r' 
is evidently the projection of the directional ellipse of r upon 
the plane of 8. 

Hence, if two bivectors are perpendicular the directional 
ellipse of either bivector and the directional ellipse of the 
other projected upon the plane of that one are similar, have 
the same angular direction, and have their major axes per- 
pendicular. 

162.] Consider a bivector of the type 

D = A«,*«-'-'^ (9) 

where A and m are bivectors and n is a biscalar. r is the 
position vector of a point in space. It is therefore to be con- 

^ It Bbonld be noted that the condition of perpendicnUritj of major axes is not 
the aame as the condition of perpendicnlaritj of real parts and imaginaiy parts. 
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sidered as real, t is the scalar variable time and is also to 
be considered as real. Let 

A = Aj + t Ay 

m ^ nij + I m^y 

n = 7ii + tn^, 

D = (Ai + % Aj) «-»•" «-' giOH-r-nilJ. (10) 

As has been seen before, the factor (Aj + iA^) «*<*»•'-"*'* 
represents a train of plane waves of elliptic harmonic vibra- 
tions. The vibrations take place in the plane of A^ and Aj, 
in an ellipse of which A^ and A2 are conjugate semi-diam- 
eters. The displacement of the vibrating point from the 
center of the ellipse is given by the real part of the factor. 
The velocity of the point after it has been divided by n^ 
is given by the pure imaginary part. The wave advances 
in the direction m^. The other factors in the expres- 
sion are dampers. The factor «"■■" is a damper in the 
direction m^. As the wave proceeds in the direction m^ it 
dies away. The factor e"*' is a damper in time. If n, is 
negative the wave dies away as time goes on. If n, is posi- 
tive the wave increases in energy as time increases. The 
presence (for unlimited time) of any such factor in an ex- 
pression which represents an actual vibration is clearly inad- 
missible. It contradicts the law of conservation of energy. 
In any physical vibration of a conservative system n^ is ne- 
cessarily negative or zero. 

The general expression (9) therefore represents a train of 
plane waves of elliptic harmonic vibrations damped in a 
definite direction and in time. Two such waves may be com- 
pounded by adding the bivectors which represent them. If 
the exponent m • r — n ^ is the same for both the resulting 
train of waves advances in the same direction and has the 
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same period and wave-length as the indiyidual waves. The 

vibrations, however, take place in a different ellipse. If the 

waves are 

j^ ^icr-mi) and B «*<■"— « 

the resultant is (A + B) e*^' '-*^- 

£7 combining two trains of waves which advance in opposite 
directions but which are in other respects equal a system of 
stationary waves is obtained. 

A«-- •'«-*"' («*-*•' -h^-'""') = 2 A cos (mi • r) e— " «-'"' 

The theory of bivectors and their applications will not be 
carried further. The object in entering at all upon this very 
short and condensed discussion of bivectors was first to show 
the reader how the simple idea of a direction has to give way 
to the more complicated but no less useful idea of a directional 
ellipse when the generalization from real to imaginary vectors 
is made, and second to set forth the manner in which a single 
bivector D may be employed to represent a train of plane 
waves of elliptic harmonic vibrations. This application of bi- 
vectors may be used to give the Theory of Light a wonderfully 
simple and elegant treatment^ 

1 Sacb use of biTectors \b made by Professor Gibbs in his course of lectures on 
" The Electromagnetic Theory of Light," delivered falnnnaally at Yale Unirersity. 
Biyectors were not used in the second part of this chafer, because in the opinion 
of the present author they possess no essential advantage over real vectors until 
the more advanced parts of the theory, rotation of the plane of polarization by 
magnets and crystals, total and metallic reflection, etc, are reached. 
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